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PREFACE 


The present volume is the third and concluding volume in the 
series Molecular Spectra and Molecular Structure, which I started 
in 1939 with the publication of Volume I, Spectra of Diatomic 
Molecules, and continued in 1945 with the publication of Volume II, 
Infrared and Raman Spectra of Polyatomic Molecules. A revised 
edition of Volume I was published in 1950. 

The present third volume deals with Electronic Spectra and 
Electronic Structure of Polyatomic Molecules, a field that has 
greatly developed in the last two decades. In contrast to diatomic 
molecules, the spectroscopic study of polyatomic molecules was for 
a long time carried out principally by work in the infrared region 
and by the study of the Raman effect. However, the recent con- 
siderable improvement in vacuum ultraviolet techniques and the 
development of new techniques for the study of free radicals have 
made, possible a rapid development of the study of electronic 
spectra. The object of this book is to present the results of this 
new development without, of course, neglecting the significant 
older work on the subject. 

The book is aimed at the serious student of molecular structure. 
Without going into long mathematical developments, a good deal 
of the theory of the subject is treated, and emphasis is laid on the 
comparison with experiment. As in the two preceding volumes, 
numerous spectrograms are intended to give a feeling for the 
experimental basis of the subject, while a large number of energy 
level diagrams and other illustrations should help to make the 
theoretical developments more easily visualizable. 

Although in many instances cross references to the earlier vol- 
ume are given, the material in this book should be understandable 
without having the other volumes constantly at hand. The basic 
information on rotational and vibrational energy levels has been 
repeated and where necessary, brought up to date in this volume. 

For the convenience of the reader and in order not to interrupt 
the text, certain tables of symmetry types and characters of the 
more important point groups, of spin functions, direct products, * 
and resolution of species when going to lower symmetry, have been 
collected in Appendices. Here are also extensive tables of molec- 
ular constants of most of the polyatomic molecules (up to 12 
atoms) for which discrete absorption or emission spectra have 
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been analysed. The data on the ground states of these molecules 
have been brought up to date and replace those given in Volume II. 
An attempt was made to make these tables as up-to-date as pos- 
sible and the results of important papers up to the end of 1965 
have been included. However, with the prolifieration of scientific 
journals and the immense amount of material published annually, 
it is impossible not to overlook some important contributions. My 
apologies go to those authors whose work has not been properly 
quoted or has been overlooked. 

The manuscript of the book was completed in June 1965, and 
only a few later developments could be included in the proofs. 

As in the other two volumes, the detailed subject index of the 
book includes all symbols and quantum numbers as well as mole- 
cules discussed in the book. 

G. Herzberg 

Ottawa, Canada 
July, 1966 
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INTRODUCTION 


General remarks. In the two preceding volumes* the spectra of diatomic 
molecules and the infrared and Raman spectra of polyatomic molecules have been 
discussed. In the present volume the electronic spectra of polyatomic molecules 
will be treated. As in the volume on diatomic molecules, both chemically stable 
and unstable molecules (free radicals) will be included. 

Almost all electronic transitions of polyatomic molecules give rise to spectra 
in the visible and ultraviolet regions; only very few extend into the infrared region. 
The study of these spectra gives information about the various electronic states 
and their rotational and vibrational energy levels. For stable molecules, informa- 
tion about the rotational and vibrational levels of the electronic ground state is in 
general obtainable more readily and with greater precision from a study of infrared, 
microwave and Raman spectra. The importance of the investigation of elec- 
tronic spectra of stable molecules lies in the information they supply about the 
electronic structure of these molecules, about the geometrical structure in excited 
electronic states, and about their ionization potentials, dissociation energies, etc. 
But for chemically unstable molecules (free radicals) for which infrared and Raman 
spectra are not readily obtained, the study of electronic spectra is also at present 
the only source of information about the rotational and vibrational structure of the 
ground state and therefore of the geometrical structure in this state. 

Most electronic spectra of polyatomic molecules have been studied in absorp- 
tion, but a few have been obtained in emission in electric discharges, in fluorescence 
or phosphorescence, and in flames. The absorption spectra of polyatomic free 
radicals have been obtained mostly by the flash photolysis technique, that is, by 
taking the absorption spectrum during the photodecomposition of an appropriate 
parent compound by means of a bright flash [see, e.g., Porter (1006)^ and Ramsay 
( 1039)]. The spectra of some free radicals have also been obtained in high tempera- 
ture chemical equilibria [see, e.g., Wieland (1295), Garton (407) and IQeman (679)] 
both in absorption and in thermal emission. Various types of electric discharges 
have been described for obtaining spectra of free radicals and polyatomic ions in 
emission, especially by Schiiler and his collaborators (1109) (1114) [see also Callomon 
(172)]. A few such spectra have been observed in various types of flames, e.g., the 
NHg bands in an oxy-ammonia flame, the ethylene flame bands, believed to be 
due to HCO, in many hydrocarbon flames, and a few others [see Pearse and 
Gaydon (32)]. 

* G. Herzberg, Molecular Spectra and Molecular Structure: Volume I: Spectra of Diatomic 
Molecules, 2nd ed.; Volume II: Infrared and Raman Spectra of Polyatomic Molecules (Van 
Nostrand, Princeton, 1950 and 1945). These volumes are cited in this book as Volume I and 
Volume II, respectively. 

^ Numbers in ( ) refer to the bibliography, p. 671. 
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In the present volume, as in the preceding one, we shall limit ourselves to the 
consideration of the spectra of simple molecules with not more than 12 atoms as 
observed in the gaseous state. For the spectra of more complicated molecules and 
for spectra in the liquid and solid states, the reader is referred to Forster (15), 
West (42), Platt (990)(991), Jaffe and Orchin (24), Murrell (27), Mason (799a) 
and Sandorfy (34). 

Symmetry of polyatomic molecules. As in the discussion of infrared and 
Kaman spectra, symmetry considerations are of fundamental importance for an 
understanding of electronic spectra. For the convenience of the reader we sum- 
marize here briefly the discussion of this topic given previously in Volume II, 

pp. 1 - 12 . 

The nuclear framework of a molecule (like any geometrical figure) may have 
one or more of the following symmetry elements: 

( 1 ) a plane of symmetry usually designated by g\ 

( 2 ) a center of symmetry usually designated by i\ 

(3) a^?-fold axis of symmetry usually designated by Gp, where p = 1,2,3,...; 
Gi means no rotational symmetry, Og a two-fold axis of symmetry, etc.; G^ means 
an axis of cylindrical symmetry as in a linear or diatomic molecule; 

(4) a p-fold rotation-reflection axis usually designated by Sp\ a molecule 
having such an element of symmetry will be transformed into itself by a rotation 
through an angle 360°/^ followed by a reflection at a plane perpendicular to the 
axis; 

(5) the identity designated by J (oi E). 

In general a molecule has several of these symmetry elements. By combining 
more and more symmetry elements, systems of higher and higher symmetry are 
obtained. However not all combinations of symmetry elements, but only certain 
ones, are possible. These possible combinations of symmetry operations are 
called point groups. A molecule in a given conformation (that is, in a given relative 
arrangement of the nuclei) must belong to one of these point groups. The follow- 
ing point groups are of importance for polyatomic molecules. 

The point groups Cp have only a ;p-fold axis of symmetry Op and no other 
element of symmetry apart from the identity 1 . is a point group without 
symmetry. The only “symmetry” element is the identity I. C 2 is a system 
having only a two -fold axis of symmetry. 

The point groups Sp have only a;p-fold rotation-reflection axis which, however, 
implies the presence of certain other elements of symmetry. Point groups Sp are 
defined only for even p. The symmetry element ^2 is equivalent to i and the point 
group $2 is usually called Q. The symmetry element /S 4 always implies O 2 and 
therefore the point group has the symmetry elements J, 84 ^ and G 2 . 

The point groups Cp^ have ap-fold axis Cp and p planes of symmetry through 

the axis (the subscript v is meant to indicate “vertical” assuming that the symmetry 
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axis is placed vertically). The point group Qy has only a plane of symmetry and 
is usually written Cg. The point group Csy has the symmetry elements G2 and two 
ay. The point group Cooy has an 00 -fold axis and an infinite number of planes 
through the axis. It is exemplified by a non-symmetrical linear or diatomic 
molecule. 

The point groups Dp (dihedral groups) have a jp-fold axis of s^^mmetry, Cp, 
and p two-fold axes C2 perpendicular to Cp. Di is identical with C2 and is not 
considered as belonging to the groups Dp, Dg is often called V (from the G-erman 
‘‘ Vierergruppe ”). It has three mutually perpendicular two-fold axes and no other 
symmetry elements. 

The point groups ^ph have a ^-fold axis Cp and a (horizontal) plane per- 
pendicular to it, is identical with C^; it has only one plane of symmetr3\ In 
the point group ^ 2 h there is in addition to Gg and a^ a center of 53121 me tr}^ i. 

The point groups Dp^ have a ^-fold axis Cp, p two-fold axes perpendicular to 
it and p planes of S3^mmetry, a^, bisecting the angles between two successive 
two-fold axes going through Cp, Dad is often called 

The point groups Dpy^ have a ;p-fold axis Cp, p vertical planes of S3inmetr3y 
Gy, and a horizontal plane of symmetr3'’, a^j, perpendicular to Cp. A number of 
other S3’'mmetr3^ elements are a necessar}" consequence of those given. The point 
group D2/1 is often called It has three mutualh^ perpendicular two-fold axes, 
three mutually perpendicular planes of S3mimetry and as a conseciuence a center 
of symmetry. The point group D^^ has a three-fold axis d’3, three C2 at right 
angles to the former and three planes through it, as well as one plane, 
perpendicular to it, but no center of symmetr3u The point group Doc;z ^ 
oo-fold axis Coo, an infinite number of C2 perpendicular to the Coo, an infinite 
number of planes through the Goo and a plane of S3'mmetr3^ perpendicular to the 
Coo which implies a center of symmetry i. This is the S3"mmetiy of S3"mmetricai 
linear polyatomic molecules. 

The point group has three mutually perpendicular two-fold axes and four 
three-fold axes as well as planes of sy'mmetry, through each pair of three-fold 
axes. This is the symmetry of the regular tetrahedron. 

The point group has three mutuall3" perpendicular four-fold axes C^ and 
four three-fold axes C^, as well as a center of S3^mmetry i and as a consequence 
numerous other elements of symmetr}^ (see Table 1 ). The regular octahedron has 
this symmetry. 

The point group (icosahedral group) has six five-fold axes, ten three-fold 
axes and fifteen two-fold axes; in addition, there is a center of symmetry (absent 
in the point group I) which entails a number of planes of S3mimetry and of rotation- 
reflection axes (see Table 1 ). This is the S3n2imetry of the regular icosahedron and 
of the pentagondodecahedron. 

The point group (continuous rotation-inversion group) has an infinite 
number of infinite axes of symmetry (Goo) a-U goiiig through the same point which is 
also a center of symmetry. The presence of this center of symmetry implies in 
addition an infinite number of planes of symmetry. All atoms belong to this 
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Table 1. Symmetry elements and examples of the more 

IMPORTANT POINT GROUPS^ 


Point group 

Symmetry elements ^ 

Examples 

c. 

No symmetry 

CHPClBr 

Cs 

One €2 

H2O2, N2H4, HC 1 C==C=-CHCI 

Cs 

One C3 


C,(s 52 ) 

*(=^2) 

trans ClBrHC—CHBrOl 

Cg ( s Ciu s Ci/i) 

One a 

NOCl, NgH 

^2v 

One C2, two CTy 

H2O, H2CO, CH2CI2, H2C=CCl2 

Csv 

One C3, three Uy 

NHs, CH3CI, HaC—CClg 


One 64^, one C2 (coincident 
with C4), four cTy 

SF5CI, B5H9^ XeOF4, BrFs 

Cev 

One Oe, one O3, one C2 (both 
coincident with Ce), six 


Coot, 

One Ooo, any Gp, infinite 
number of o-y 

ON, HCN, COS, HC^CCl 

DA^V) 

Three C2 (mutually perpen- 
dicular) 


r >4 

One 04, one 0*2 (coincident 
with O4), four C72 ( _L to 04) 

cyclo-CeHe 

^2h 

One C72> one o-^, i ^ S2 

trans HC 1 C=CC 1 H, trans 
CsHsClaBrs, C2H2O2 (glyoxal) 

^ 3 h 

One C3, one Oh, one /S3 
(coincident with C3) 

B( 0 H )3 

D^A=v,) 

Three (72 (mutually J_), one 

84^ (coincident with one €2), 
two (Ta (through 84) 

H2C=-C=CH2, 

J-^sd ( = ^ev) 

One C3, three (72 (i. to C2), 8q 

C2H6 (staggered), CsCle, 


(coincident with €2))% three a a 

cyclo-CeHi2 (chairform) 

£>4^ (s S'atj) 

One C4, four C2 {± to C4), 8^ 

puckered octagon form of Sq 


(coincident with 04)^62 
(coincident with €4)^ four <7^ 

(sulfur) 

•Dsd ( = *^10u) 

One C5, five (72 (JL to (75), 84^ 
(coincident with G^), i, five a a 

Fe(C5H5)2 (ferrocene) 


Three G2 (mutually _L), three 

C2H4, N2O4, C4N2H4 (pyrazine), 


a (mutually _L), ^ 

B2H6 

^ 3 h 

One O2, three (72 ( ± to G2), 

BCI3, CH3, 1 , 3 , 5-C6H3CI3, 


three <Ty, one 

B3N3H3 


One C4, four C2 (i. to C4), 
four o-y, one <jh> one C2, one 84 
(both coincident with G4), i 

C4H8 (cyclobutane) 

^ 5 h 

One C5, five ^2 ( ± to Gq), 
five Oy, one 1 


^6h 

One Cq, six (72 ( JL to Cq), 
six cTy, one cr^, one O2, C2, 8e 
(each coincident with (73), i 

CeHe, CeCls 

'^Ih 

One C7, seven (72 ( _L to O7), 
seven ay, one Oh 

C7H7 (tropyl radical), C7H7'*' 

J^coh 

( 7 CO, infinite number of G2 
(± to Ooo) and of Uy, one a^, 
and Gp and Sp (coincident 
with Cce), i 

O2, CO2, CHs, C2H2, C4H2 

Ts 

Three C2 (mutually _L), four 
G3, six a, three 84 (coincident 
with the G2) 

CH4, CCI4, P4. OSO4 
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Table 1 — continued 


Point group 

Symmetry elements 

Examples 

On 

Three (mutually _L)» foirr 

Cq, % three 84^ and (coin- 

SFe, UFe 


cident with six C2, nine 

a, four Sq (coincident with C^) 


h 

Six (75, ten fifteen C2, i, 

six *Sio (coincident with C5), 
ten Sq (coincident with <73), 
fifteen cr 

(B12H12) 

Kn 

An infinite number of (7oo and 
cr, i 

all atoms 


a For other point groups see Vol. II. 

^ The element 1 (identity), which is contained in every point group, has been omitted, 
c See Hrostowski and Myers (582). 

See Lohx and Lipscomb (759), 

group but no molecules. Without the center of symmetry we have the continuous 
rotation group K. 

In Table 1 the symmetry elements of all the important point groups are listed 
and in each case one or two examples of molecules or radicals belonging to these 
point groups are given. Point groups not likely to be encountered in polyatomic 
molecules have been omitted. For illustrations of some of the point groups see 
Figs. 1, 2 and 3 of Volume II [see also Cotton ( 6 )]. 

It may be noted that in polyatomic molecules all symmetry elements of the point 
groups other than infinite axes (Coo) are caused by the presence of identical nuclei. 
The corresponding (geometrical) symmetry operations can therefore be replaced by 
suitable permutations of these identical nuclei or by permutations combined with an 
inversion. These permutations however do not constitute the complete permutation- 
inversion group of n nuclei, which, except for n ~ 2 or 3, has many more elements 
(namely 2 x n\) than any of the geometrical point groups with n identical atoms. 
This is because in the geometrical point groups only those permutations are included 
that can be brought about by rigid rotations and by reflections. 

A molecule with n identical nuclei has in general more than one equilibrium 
conformation. Each of the permutations of the nuclei which is not equivalent to a 
rotation or reflection leads to a new equilibrium conformation in the 3iV~6 dimensional 
space of the internal coordinates (see Vol. II, pp. 26 and 220). In addition, every non- 
planar molecule has a left and a right conformation corresponding to inversion. 
All these equilibrium conformations are completely equivalent and only one of them 
need be considered (and is usually considered) as long as they are separated by high 
and practically imsurmountable potential barriers. There are, how^ever, molecules for 
which some of these barriers are not high, that is, for which some of the permutations 
or permutation-inversions are ""feasible''^ (i.e., may actually occur within the time of 
an experiment). Well-known examples are the inversion of the internal torsion 
of C2H6 about the C — C axis leading to permutations of the H atoms not obtainable 
by rigid rotations, the internal torsions of the CH3 groups in acetone, and others. 
Examples of permutations or permutation-inversions which for all practical purposes 
are not feasible, are the permutation of two H atoms in CH 4 , the permutation of the 
two C atoms in C2He, the inversion of most non-planar molecules (other than NH3 and 
some of its derivatives). 
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Since in almost all non-rigid molecules only a few permutations or permutation- 
inversions are feasible we need in general not use, for a discussion of their symmetry 
properties, the full permutation-inversion group with its large number of symmetry 
elements (2 x ni! x W2! x • • * if there are fii identical nuclei of one kind, 712 of a 
second kind, etc.). A sub-group of this group must be used which includes the 
symmetry operations of the standard point group (assuming the molecule to be rigid) 
and those permutations and permutation-inversions that are feasible. In simple cases 
this sub-group may be isomorphous with one of the standard point groups; for example 
for ISTHs if inversion is included as a feasible operation a group isomorphous with 
is obtained. In going from one equilibrium conformation of NH3 to the inverted one, 
one passes through the planar conformation of point group Longuot-Higgins 

( 767 ) and Hougen ( 575 ) have recently considered in detail the molecular symmetry 
groups appropriate to CH3BF2, N2H4, C4Hg (dimethyl acetylene) when internal 
rotations and inversions are taken into account. We refer to their papers for a more 
rigorous treatment of non-rigid molecules. For all rigid molecules (rigid in the sense 
that all identical potential minima are separated by unsurmountablc potential barriers) 
we can use the standard point groups discussed earlier and can ignore the existence of 
all but one equilibrium conformation. In electronic spectra non-rigidity (in this sense) 
leads to observable effects only in a few simple cases. 



CHAPTER I 


ELECTRONIC STATES 

1. Electronic Energy, Electronic Eigenfunctions, Potential Surfaces 

As in diatomic molecules (Vol. I, p. 146) the nuclei in a polyatomic molecule 
are held together by the electrons. Depending on the quantum numbers of the 
electrons we have diff erent electronic stat^ dependence \\ iil 

be discussed in detail in Chapter III. In the present chapter we shall simply accept 
the fact that there are many different electronic states; we shall classify them and 
discuss their vibrational and rotational energy levels. 

Total energy and electronic energy; potential surfaces. The total energy 
of the rnolecule (neglecting spin and magnetic interactions) consists of the potential 
and kinetic energies of the elec trons and the potential and kinetic energies of the 
nuclei. If we imagine the nuclei to be fixed, the electronic energy (i.e., the sum of 
potential and kinetic energy) will have a constant value; but this energy value will 
<^^*eTf we_c]^nge the position s of th e nuclei. 

On account of the smallness of the mass of the electrons compared to that of 
the nuclei the electrons move much more rapidly than the nuclei; and therefore the 
electronic energy, when the nuclei are no longer fixed, assumes the value corre- 
sponding to the momentary positions of the nuclei. Thus in order to change the 
positions of the nuclei, not only must work be done against the Coulomb repulsion 
of the nuclei, but also work must be supplied for the necessary change of electronic 
energy. In other wor^, the ^m of the electronic energy and the Coulomb 
potentia l of the nuclei acts as the potential energy under whose influence the nuclei 
c arry out their vibrations. 

In a molecule with N nuclei there are 3N — 6 (or, for linear molecules, 3N — 5) 
relative coordinates (see Vol. II, p. 61) which describe completely the motions of 
the nuclei. Therefore the potential energy under which the nuclei move in a given 
electronic state can be represented by a 3N — 6 (or SN — 5) dimensional hyper- 
surface in a SiV — 5 (or 3N — 4) dimensional space. Every electronic state of a 
polyatomic molecule is characterized by such a potential surface. There may be 
large differences in the shape of these potential surfaces for different electronic 
states. If the potential surface has no minimum the electronic state is unstable; 
if the potential surface has at least one minimum the electronic state is stable. 
Potential surfaces with several minima occur not infrequently (sometimes corre- 
sponding to different isomers). In general the potential minima of different 
electronic states occur at different values of the internuclear distances; often the 
symmetry of the molecule (its point group) is different in different electronic states. 
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la 


Even in the simplest case, that of a triatomic molecule, the potential surface is 
three (or four) dimensional in a four (or five) dimensional space. Only by keeping 
certain coordinates fixed can the potential surface be represented in three dimen- 
sional space. Examples of potential surfaces will be given in Chapter IV (compare 
also Eig. 66 of Vol. II). 


Total and electronic eigenfunction. In wave mechanics the fact that the 
total energy is constant is represented by the Schrodinger equation 

Hijj = Ei/j. (1, 1) 

Here ifs is the wave function and H the Hamiltonian operator 

H == T +V; 

V is the potential energy and T the kinetic energy, given by 



where the first term is the kinetic energy of the electrons (mass m), the second that 
of the nuclei (mass M]^). If the linear momenta and p/c are replaced by the 
corresponding operators, one obtains the Schrodinger equation in the more con- 
ventional form 

m 4 \dxi^ dzi^) 4 [s^k^ ^Vk 

+ ^(^;-F)0 = O, (1,2) 

where are the coordinates of the electrons, and Xj^, those of the nuclei. 

The potential energy V is the sum of an electronic and nuclear contribution 




(1,3) 


where Fg includes the mutual potential energy of the electrons as well as the 
potential energy of the electrons with respect to the nuclei and F„ is the mutual 
potential energy of the nuclei. 

In a first approximation the solution of (I, 2) can be written 

<l> = (1,4) 

where and are solutions of the equations 


and 


?(: 


^ 8 ^, 0V. 


dx? dZi 




y J_ J. ^ fP _ - F \,Ij - 0 


( 1 , 6 ) 

(I, 6) 


respectively. That (I, 4) is an approximate solution of (1, 2) can be seen im- 
mediately if it is substituted in (1, 2) and eqs. (I, 5) and (1, 6) are taken into 



I, 1 ENERGY, EIGENFUNCTIONS, POTENTIAL SURFACES 9 

account. One finds that (I, 2) is satisfied if 

y Jl 4- ^ 4. jj 4. ^ r 

^ M^Xdxj, dxj, dy^ dy^ dz^ dz^ 

can be neglected, that is, if the variation of with the nuclear coordinates is 
sufficiently slow so that its first and second derivatives dip^/cXf., . . . , . . . 

can be neglected. That this condition is usually fulfilled to a satisfactory approxi- 
mation has been shown in detail by Born and Oppenheimer (131). 

The equation (I, 5) for is the Schrodinger equation of the electrons moving 
in the field of the fixed nuclei and having a potential energy Fg (which is a function 
of the electronic coordinates x^, y^, z^). For different nuclear positions, Vg is 
different, and therefore the eigenfunctions ifjg and eigenvalues E^^ of this equation 
depend on the nuclear coordinates as parameters. 

The second equation (I, 6) is the Schrodinger equation of the nuclei moving 
under the action of the potential E^^ + Thus in this approximation the 
motion can be separated, into an electronic motion in a more or less fixed nuclear 
frame characterized by the function ipg, and a nuclear motion (vibration plus 
rotation) in a potential field -f F„, characterized by the function 

As for diatomic molecules the minimum value of E^^ -f F^^, that is, the 
minimum of the potential surface of a given stable electronic state is considered as 
the electronic energy of this state and designated Eg. The total energy may then 
be written, in the above approximation, 

E = Eg A- E^j. (I, 7) 

where E^,. is the vibrational-rotational energy derived from eq. (I, 6). 

Classification of electronic states. In the Schrodinger equation for the 
electronic motion (I, 5), Fg is the potential energy of the electrons in the field of the 
(fixed) nuclei. As mentioned before, in a first approximation (which is in general 
a good approximation), we may use for the discussion of the electronic motion the 
equilibrium positions of the nuclei. Therefore Fg has the symmetry of the molecule 
in the particular electronic state. Thus if a symmetry operation is carried out the 
Schrodinger equation for the electronic motion is unchanged. As a consequence, 
the electronic eigenfunction for non-degenerate states can only be symmetric or 
antisymmetric for each of the symmetry operations permitted by the symmetry 
of the molecule in the equilibrium position, i.e., can only remain unchanged or 
merely change sign. For degenerate states^, the eigenfunction can only change 
into a linear combination of the two (or more) degenerate eigenfunctions such that 
the square of the eigenfunction, which represents the electron density, remains 
unchanged. Different eigenfunctions may behave differently with respect to the 
various symmetry operations of a given point group; but since in general not aU 

^ For separably degenerate states which occur for a few not very important point groups 
the eigenfunction is multiplied by a complex factor ^ = 2Trjp) upon rotation about a 

^-fold axis (see Vol. II, p. 99). * 
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symmetry elements of a point group are independent of one another, only certain 
combinations of behavior of the eigenfunctions with regard to the symmetry 
operations are possible. Such combinations of symmetry properties are called 
symmetry types or species (see VoL II, p. 104). In group-theoretical language, they 
are the irreducible representations of the point group considered. Each electronic 
eigenfunction, and therefore each electronic state, belongs to one of the possible 
symmetry types (species, representations) of the point group of the molecule in 
the equilibrium position. All this is precisely the same as for the vibrational and 
rotational eigenfunctions (see VoL II). 

If there is only one element of symmetry (as in the point groups and CJ, 
there are only two types of electronic states, those whose eigenhmctions are 
symmetric and those whose eigenfunctions are antisymmetric with respect to that 
element of symmetry. These symmetry types (species) are designated A and B 
for C 2 , and A' and A" for Here it must be emphasized that while in a non- 
linear triatomic XYZ molecule there can only be normal vibrations and vibrational 
levels of species A\ there can be electronic states of both types. A' and A" . 

In point groups with two independent elements of symmetry (but no higher 
than two-fold axes) we have four types of electronic states which may be designated 

+ + , H — , “ + and if the first sign indicates the behavior with respect to 

the first element of symmetry, the second sign that with respect to the second. 
This applies for example to the point groups € 2 -^ and C2/1 for which the species are 
actually designated Ai, A 2 , B 2 and Ag, Ay, Bg respectively. Again, in a 
molecule XY2 of point group while only Ai and B 2 vibrations and vibrational 
levels can occur, all four types of electronic states will occur. 

If there are more-than-two-fold axes, degenerate species arise. For example, 
for the point group Cs/j the eigenfunctions may be symmetric or antisymmetric 
with respect to the plane of symmetry and they may be symmetric or 
‘'degenerate” with respect to the three-fold axis Cq. Thus there are four species 
which might be described by + + , — Ad, —d where the first symbol gives 
the behavior with respect to the second with respect to C3. Actually the 
designations of these four species are A', A", E' , E\ Here E is the designation 
for degenerate symmetry types (from the German “entartet”). 

It must be noted that in all these examples there is only a finite, usually small, 
number of species. However, this number increases with increasing number of 
S3rmmetry elements, but only hn the case of infinity-fold axes, i.e., for linear 
molecules, is there an infinite number of species, which are identical with those of 
diatomic molecules. For example, for the point group there are two non- 
degenerate species and 21“ and an infinite number of degenerate species 
n. A, 4), . . . corresponding to the values A = 1, 2, 3, . . . of the electronic orbital 
angular momentum about the symmetry axis. 

In Tables 48-55 of Appendix I, the symmetry types of the more important 
point groups are summarized in a condensed form. More details may be found in 
Volume II, pp. 104-123. The parts of the tables above and to the left of the 
broken lines are identical with corresponding tables of Volume 11. The remainder 
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will be explained below. The numbers given under the various symmetry opera- 
tions for each species are the so-called characters which for non- degenerate species 
are simply +1 or — 1 , depending on whether an eigenfunction of this species is 
symmetric or antisymmetric with respect to the particular operation, while for 
degenerate species it is the “trace” of the transformation matrix. There are 
several point groups (e.g., Dg/j, Dad, D 4 ,p..., 0;^, J/J which differ from corre- 
sponding simpler groups (Da, D 3 , D 4 , ., 0 , 1 ) by the addition of a center of 
symmetry. Their character tables are not given here explicitly (see, however, 
VoL II, pp. 108f) since they can be obtained easily by multiplication of the 
symmetry elements of the simpler groups by i [I x i — i, C 2 x i = o, x i = 8 q, 
C 4 , X i = S^, . . .] thus obtaining the additional symmetry elements, and by 
multiplying the characters by + 1 or — 1, thus obtaining an even (g) and an odd (u) 
species for each species of the simpler group. This procedure is represented 
symbolically by the equations D 2 K = Da x Dg^ = Dg x Q, . . . written under 
the character tables for Dg, Dg, .... 

As in Volume II, the species of the translations Ty, T, and the rotations 
Ry., Ry, R^ are indicated in the Tables 48-55 at the right. This information will 
be important in the discussion of the selection rules (see Chap. II). 

The classification of the electronic states of a polyatomic molecule according 
to the species of the various point groups is initially based on the assumption that 
the nuclei are fixed in their equilibrium positions (see p. 9). If the nuclei were 
fixed in positions other than their equilibrium positions and if the symnietiw of the 
displaced positions is different from that of the equilibrium positions, the species 
of the electronic eigenfunctions would be different. However, since there must 
clearly be a one-to-one correspondence between the electronic eigenfunctions in the 
t\vo conformations, we can, at least for small displacements (vibrations), classify 
the electronic eigenfunctions according to the species of the equilibrium conforma- 
tion. We must note, however, that in degenerate electronic vStates a splitting of 
the potential surface for certain displacements from the equilibrium conformation 
may arise, since in the displaced conformation the symmetry may be low’er’and 
degenerate species may not exist (see section 2 of this chapter). The problem of 
the correlation of the species of different point groups will be taken up in Chapter 
III, section 1. 

In different electronic states the equilibrium conformation of a polyatomic 
molecule may belong to different point groups and thus the species of several point 
groups may be represented among the manifold of electronic states. Apart from 
that, there are, of course, as for diatomic molecules differences in the magnitudes of 
the internuclear distances in different electronic states. 

In the preceding discussion and in the tables of Appendix I we have considered 
the classification of electronic states only for the standard (geometrical) point 
groups. For molecules in which the transition from one equilibrium conformation 
to another is “feasible” (non-rigid molecules, see p. 5) other symmetry groups of 
higher order must be considered. The species of a number of these groups have 
been considered by Myers and Wilson (922), Longuet-Higgins (767), Hougen (575) 
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and Stone (1169). We need not consider them here since, at least up to now, in 
electronic spectra of polyatomic molecules only those non-rigid molecules have 
been sufficiently studied for which the appropriate symmetry group is isomorpfious 
with one of the standard point groups. An important example is NHg for which, 
as already mentioned, if inyersion is taken into account, the point group is iso- 
morphous with that is, the vibronic states (see p. 20) can be classified according 
to the species of this point group. 

If we consider a degenerate electronic state in a conformation of high symmetry 
it is clear that on lowering the symmetry sufficiently the potential function (i.e. , the 
purely electronic energy) will split, since for the conformation of lower symmetry 
the reason for degeneracy no longer exists. However, such a splitting does not 
arise for the vibrational energy levels, not even for the lowest one with 2;^ = 0, 
since the degeneracy with regard to rotation about a symmetry axis becomes trans- 
formed into degeneracy with regard to appropriate permutations, corresponding to 
the equivalent equilibrium conformations that arise when the symmetry is lowered. 
We shall come back to this point in the discussion of vibrational levels. 

Electronic angular momentum. Let us consider the form of the electronic 
eigenfunction of a linear molecule, assuming the nuclei to be fixed on the 2 axis. 
This electronic eigenfunction must be a function of the Zn coordinates of the n 
electrons. We choose cylindrical coordinates z^, p^, cp^ where pj is the distance from 
the axis and <pi the azimuthal angle. Clearly one of the angles, say cp^, is arbitrary. 
Therefore, we introduce new azimuthal angles 9/ = 94 — 91. The Schrodinger 
equation must be invariant with respect to a rotation of the whole system about 
the z axis, that is, with respect to 9^, and therefore the electronic eigenfunction 
must have the form 

(1,8) 

where A is a positive integer and where the function is identical with except 
that 94' is replaced by —94'. The angular momentum of the electrons about the z 
axis, is obtained in quantum mechanics (see Vol. I, p. 16) by operating with 
(A/27ri) djdcp^ on the wave function. Thus, one obtains the weU-known result 

±A~ (1.9) 

The two functions (I, 8) correspond to a circulation of the electrons in one or the 
opposite sense about the z axis with angular momentum A(^/27r). They belong, 
for the same x? to one and the same energy value, that is, to a doubly degenerate 

electronic state, viz., to a 11, A, 0, . . . state for A = 1, 2, 3, If in (I, 8) we 

put A = 0, there are also two solutions, but they have no longer the same energy; 
one solution x’^ + x~ corresponds to a 2*^ state, the other — X~ toaS' state. 
Each of them is non-degenerate. 

Eor non-linear molecules in non-degenerate states, just as for linear molecules 
in S states, the electronic angular momentum is zero. In degenerate states the 
eigenfunctions are similar in form to (I, 8) except that now 9^ appears also in 
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since there is no longer cylindrical symmetry. As a result, the angular momentum 
is not simply A(A/27r), but is smaller, depending on the extent to which the presence 
of the off-axis nuclei impedes the orbital motion of the electrons. We can there- 
fore write for the electronic angular momentum in degenerate electronic states of 
axial molecules 

= ( 1 . 10 ) 

■where {= is in general non-integral and may be positiye or 

negative. If the contributions to the electronic angular momentum are produced 
by atoms lying on the symmetry axis, may be close to an integer, ± A. For 
example, in CHgF or CHgCCF the fluorine end of the molecule is quasi-linear and 
will contribute to just as in a linear molecule. 

It may be noted that in such a case values near ±3, ± 6, . . , would not occur 

since states with A = 3, 6, ... of the linear conformation go over into Ai, A^ pairs of 

aCa, conformation (see Chap. Ill, section 1). 

For the cubic point groups, no electronic angular momentum arises for the 
doubly degenerate {E) states but such an angular momentum does arise for triply 
degenerate (F) states. As for the axial point groups, it is non-integral. The 
component in any molecule-fixed direction is given by +fg(/i/277), 0 or — Jg(/i./27r), 
where is a constant for a given state. As for the axial point groups the value of 
fe is not limited. 

Multiplicity. Up to now, in the classification of electronic states we have 
disregarded the effects of electron spin. The electronic eigenfunction has been 
considered to be a function of the positional coordinates of the electrons only, and 
the symmetry types (species) refer to symmetry properties of these orbital wave 
functions. The full electronic eigenfunctions must take account of the fact that 
each electron has a spin s ~ J which can orient itself parallel or antiparallel to any 
preferred direction. As long as the coupling of the individual spins with the 
orbital motion is small, the spins of the individual electrons form a resultant S 
which is half-integral for an odd number, and integral for an even number of 
electrons, just as for atoms and diatomic molecules. The resultant spin S is 
characteristic for each electronic state^. Any of the (single-valued) symmetry types 
discussed in the preceding pages may occur with any of the S values compatible 
with the number of electrons present. 

As for atoms and diatomic molecules, the coupling of the spin S with the 
orbital motion may lead to a splitting of the molecular electronic state into 2^ -f- 1 
components. This multiplicity is written as a superscript in front of the symbol 
representing the symmetry type. Thus, forS — O we have • • • 

states, for = I we have . . . states, for aS' = 1 we have ®Ai, 

^E', . . . states and so on. Actually, an observable splitting does not always arise 

^Here we are following the usual practice of designating angular momentum vectors 
{Sf J, jK". . .) by bold-face letters, while the corresponding quantum numbers {S, J, K . . .) are 
designated by light-face letters (see Vol. I, p. 16). 
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because the spin is not influenced directly by an electric field but only by a magnetic 
field. According to elementary concepts of classical and quantum mechanics, a 
magnetic moment arises whenever there is an electronic angular momentum. As 
we have seen above, all degenerate states of axial molecules have in general an 
electronic angular momentum, and therefore there is a fairly strong magnetic field 
that can orient the spin S: we expect a fairly large multiplet splitting except for 
the lightest molecules. 

On the other hand, in non-degenerate states there is no electronic angular 
momentum and thus no magnetic moment. Therefore, as long as rotation of the 
molecule is neglected, no appreciable multiplet splitting arises if S 0. This is 
exactly similar, and due to the same reasons, as for the S states of atoms and S 
states of diatomic (and linear polyatomic) molecules. As for atoms and diatomic 
molecules, the states are classified by the value of 2S + 1, the multiplicity (or 
spin degeneracy). Even if no splitting is present, the spin degeneracy can be 
demonstrated through an external magnetic field. 

In non-degenerate states a very small magnetic field is produced by the 
rotation of the molecule, and this will give rise to a very small splitting into 2S + 1 
components. For degenerate electronic states of linear molecules the splitting 
pattern without rotation is entirely similar to diatomic molecules (Vol. I, p. 215). 
Very little is known about the splitting in degenerate states of non-linear molecules. 

As for atoms and diatomic molecules, the magnitude of the multiplet splitting 
would be expected to increase with increasing nuclear charge. It is in general 
small for the lighter polyatomic molecules, vliile for the heavier ones for which it 
may be quite large, it has not been studied in great detail. 

Spin functions. As long as the multiplet splitting (i.e., the spin-orbit inter- 
action) is small, the total electronic eigenfunction ij/gs niO'Y he written as a product 
of an orbital function ijj^ and a spin function ^ (see Vol. I, p. 217)® 

(I, 11) 

For the spin function we may use a space-fixed or a molecule-fixed coordinate 
system. The former is particularly appropriate when spin-orbit interaction is very 
small. In that case the spin function is not affected by any of the symmetry 
operations permitted by the point group of the molecule (it is totally symmetric), 
and the species of the total electronic eigenfunction is the same as that of the 
orbital function. In diatomic molecules this situation corresponds to Hund’s case 
(b) in w^hich multiplet levels of a given N have the same symmetry properties. 

If spin-orbit interaction is not negligibly small, it is more appropriate to use 
molecule-fixed spin functions which are affected by symmetry operations and 
therefore must belong to one of the species of the point group of the molecule. In 
order to determine the species of the spin function, let us first consider the sym- 
metry properties of the spin functions of a free atom (point group . Wigner (44) 
has shown that for integral spin (i.e., for an even number of electrons) the spin 

^ Although strictly speaking this resolution is possible only for one or two electrons (see 
Chap. Ill, section 2c), the results discu^ed here are independent of this restriction. 
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function belongs to one of the even species of the group Ky,, viz., D^g, D^g, . . . 
depending on whether = 0, 1, 2, . . . respectively (see Table 55 of Appendix I). 
For example, for /S' = 1 we have the triply degenerate species D^g (corresponding 
to the orbital species Pg). One set of three eigenfunctions would be 

= = (1,12) 

which transform, on rotating by an angle <p' according to 

and therefore the character of this operation is 

^ = 1 + = 1 + 2 cos 9' (I, 13) 

as listed in Table 55. 

When the spin S is half-integral, a formal application of the transformation 
rules (i.e., multiplication by for rotation by cp'; ~ S,S — 1, . . —S) 
leads to the result that the spin function changes sign after rotation by 277 (since 
Qims(0' + 2n) _ foj. ^ half- integral). These eigenfunctions are therefore 

two-valued (or double-valued) and do not belong to any of the species to which the 
ordinary single -valued eigenfunctions belong. For their classification it is neces- 
sary to extend the normal point groups. These exteyided point groups (or double 
groups) are actually the ones for which the species and characters are given in 
Appendix I. For the continuous rotation group K one obtains upon extension the 
additional species Di, D|, Df, . . . corresponding to S (or J) = |, f, respectively. 

In order to fit the extended point groups into the general group-theoretical 
scheme and to find two-valued representations (species) in point groups of lower 
symmetry than K, it is necessary to add somewhat fictitious sj’^mmetry elements, 
as was first done by Bethe (116) [see also Landau and Lifshitz (26)]. One 
assumes that a rotation by 2?! does not return the system to itself but that this is 
done only by a rotation by 47r. The rotation by 27r is a new symmetry element 
called R with respect to which an eigenfunction may be symmetric or antisym- 
metric. As a consequence there are new symmetry elements RO2, -Scr, RC ^, ... if 
C2, a, Cq, . . . are the original symmetry elements. For two-fold axes (C2) and 
planes of symmetry (a) these new elements (BC2, Ra) belong to the same classes 
and merely cause a doubling of the order of the class; but for all more-than-two-fold 
axes and for the center of symmetry they cause a doubling of the number of classes; 
for example, w'hile in the ordinary point group we have the two elements, Cq 
and (^3^, in the class designated 2 C^ we have now, in the extended point group, 
the four elements Gq, RCq = and RC^^ = which form the tw^o classes 
designated by 2 Cq and 203^ and contain the elements Cg, RC^^ and Cq^, RCq respec- 
tively, and similarly for other point groups. These differences arise because the 
rotation by 27 t ± p is no longer equivalent to the rotation by ±9'. For the 
species Dq, D2, ... of the continuous point group K, and similarly for all 

single- valued species of the point groups of lower symmetry, the characters of the 
new symmetry elements {R, Og^, . . . , iR) are the same as those of the corresponding 
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old elements (/, Cg , . but for the double-valued species the characters have 
the opposite sign (see the Tables in Appendix I). 

Let us consider in more detail the characters of species Di of K. This species is 
quadruple degenerate; there are four linearly independent eigenfunctions for each state 
of this species. Therefore, the character for the identity operation is 4. The four 
eigenfunctions can be written 

with M = +i, 4-|-, — —I- (I, 14) 

Therefore, the character for a rotation by an angle cp' is, similar to (I, 13), 

-H 

= 2 cos + 2 cos \cp'. 

Similarly for a rotation by 2(p' 

X 20 ' — 2 cos + 2 cos Z(p'. 

The characters for the elements R, RC%, ... are the negative of those just given because 
of the property of the eigenfunction that they change sign upon rotation by 27t. 

In the group Ky^ there are, in addition, the center of symmetry and the two -fold 
axes and planes of symmetry following from it. The character of ^ is -f 1 or ~ 1 
yielding a g and a u species for each of the single- and the double-valued species, while 
the characters for C 2 and a are 0 except for Dq. 

In a similar way the characters of the species of the other extended point groups in 
Appendix I have been obtained [see Bethe (116), Jahn (616), Opechowsky (949), 
Satten (1099) and Judd (654)]. The number of species of an extended group, just as 
that of a simple group, equals the number of classes of symmetry elements (number of 
columns in the Tables). The degree of degeneracy of the species is readily obtained 
from the condition that 

(I. 17) 

where g is the order of the group which equals the total number of symmetry elements. 
[Here separably degenerate species (see Vol. II, pp. 99 and 120) must be counted as 
two non-degenerate species.] 

The designation of the double- valued species has not yet been standardized. 
We adopt here a designation which is an extension of that used by Jahn (616) for 
Dp and with even p only, that is, we use Ex, E^, E^, . . . for the doubly 
degenerate representations (species) corresponding to If = ±\, +f, ±|, . . . of a 
free atom (point group Ky^) and we use (?§ and 7f for the quadruply and sextuply 
degenerate representations corresponding to J = | and | respectively. Tor the 
point groups of lowest symmetry Q, Q, C 3 , there are double- valued representa- 
tions of unit dimension {Bx, B^g, B^^, Df). A state of such a species is however 
not non-degenerate since it can be shown that there is always another state of the 
same species at the same energy as long as no magnetic field is applied. Two 
coinciding states of species B^ are entirely similar to a separably degenerate E^ 
state except that the former have identical transformation properties while the 
two components of an E^ state differ (they can be different because of the higher 
symmetry). Both the two B^ states and the two components of an Ex state can 
be separated by a magnetic field. 

For free atoms and diatomic as weU as linear polyatomic molecules a clear 


(I, 15) 

(I, 16) 
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understanding of the effect of the electron spin on the energy levels is much more 
readily obtained by means of the vector model than by means of the preceding 
group-theoretical considerations. However, for molecules belonging to finite point 
groups, that is, for non-linear molecules (as well as for atoms in crystals), the vector 
model cannot be used since the number of species is finite (and often very small) 
and therefore there is no one-to-one correspondence between the various S values 
and the species, as there is for atoms and diatomic and linear molecules. We must 
therefore establish the species of the spin function for various S values for all the 
important point groups. This can now easily be done since we know the species 
for the point group K^^’, we only need to establish into which species the species of 
resolve in the point groups of lower symmetry. The result is given in Table 56 
of Appendix II. 

As an example for the derivation of Table 56 let us consider point group 
To find the behavior of the spin function with respect to Cq, we put 9 ?' = 120°. In this 
way we see that the species corresponding to iS* = J in point group K^i, 

goes into Ex; D-^^g corresponding to = 1 leads to a reducible representation in 
with characters 3, 0 , . . . which on reduction yields E A 2 ', similarly, D^g corresponding 

to ;S = f leads to a representation with characters 4, — 1, . . ., ~4, -}-l, . . . which 
yields on reduction E^ 4 - and so on. The spin value *S' = f corresponds to 
El + El -f- Ex since E\ does not exist for C'su. It does exist for several point groups 
of higher symmetry; for these, S — ^ corresponds to Ei. E^ Ei, for example, for 
But only for the point groups C^ov and Dqo/i does this regularity continue to any 
S value, integral or half- integral; only for them is Ms defined for any S value and thus 
only for them can the vector model replace the group -theoretical considerations. 

It may be noted that on going to point groups of lower and lower symmetry, the 
spin functions for integral spin are eventually resolved into 26' -f 1 non -degenerate 
functions, corresponding to 26 -f 1 states of (slightly) different energy. However, the 
spin functions for half-integral spin are at most resolved into functions which are still 
doubly degenerate (account being taken of the degeneracy of species Bx, Bxg, Bx^ and 
mentioned earlier). This remaining degeneracy, as was first recognized by Kramers, 
is caused by the fact that as long as no magnetic field is present there is in all atomic 
systems an additional symmetry element: time reversal, that is, the wave equation is 
invariant if the time t is replaced by — ^ [see Wigner (44) or Landau and Lifshitz (26)]. 
This degeneracy caused by time reversal is now usually called Kramers degeneracy, and 
pairs of states like the two coinciding (or ) states or the two components of an Ex 
(or Ex, Ex) state are called Kramers doublets. 

Species of multiplet components. We are now ready to determine what are 
the species of the individual multiplet components when the multiplet splitting, 
even for zero rotation, is not negligibly small. For this purpose, that is, in order 
to find the species of we must form the direct product of the species of the spin 
function ^ and the species of the coordinate function ipg. This multiplication is 
done in the same way as the multiplication of vibrational species discussed in 
Volume II (pp. 124f): one multiplies the characters and reduces the set so obtained 
to the sum of characters of the resulting species, which are uniquely determined in 
this way [see eq. (II, 87) of Vol. II]. 

For example in a state of a linear molecule, the spin function (6=1) 
according to Appendix II has the species and 11 , while the coordinate function 
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is n. The product E “ x n has the characters (see Appendix I) : + 2, cos 2 9, . . . , 0 
and therefore yields directly a single H state, while FI x FI has the characters 
4, 4 cos^ 9, 4 oos^ 29, . . . , 0 which can be reduced to the sum of the characters of 
S+ +1:- + A. Thus, we see that ^11 is split into four states E + , E", II, and A. 
The same result is obtained by means of the vector model: ^11 — > ^110+ , 
and The general species designations E + , S " , n, A indicate now the resultant 

electronic angular momentum 12 — A 4- *S'. 

Similarly, for a state of a non-linear molecule, for example of point group 
C3,,, the spin function has species and E (see Appendix II). Upon multiplica- 
tion by the species (E) of the coordinate function we obtain for the total function 
fhe species A 2 x E + E x E. The characters of the product A 2 x E are 
2, —1,0, that is, those of E, while the characters of E x E arc 4, 1, 0 which can 
only be obtained from A^ + A 2 + E. Thus, the ^E state splits into four states 
Ai A A 2 ^ E + E, The first two correspond to E^ and E" of the linear case, 
but there is no longer a difference in symmetry between 11 = 1 and 11 = 2; we 
obtain simply two E states. The vector model cannot be applied. 

In a similar way we find for a state of a linear molecule from the product 
Ei. X n the components Ex -f Ef corresponding to and ^ Ilf; or for a ^E state 
of a Cgu molecule from Ex x E the components Ex -f E^. Always the total 
electronic eigenfunctions of systems with an odd number of electrons, just as the 
spin functions alone, belong to two- valued species in contrast to systems with an 
even number of electrons which have single-valued species. 

For convenience we reproduce in Appendix III the multiplication tables, 
including those for double- valued species, for all the important point groups. 
Only point groups without center of symmetry are included. For corresponding 
point groups with a center of symmetry the same multiplication tables apply with 
the addition of the (g, u) rule, that g x g — g, g x u n, u x u = g. The 
tables will be useful not only for evaluating the effect of electron spin, but later also 
for the determination of vibronic species, the determination of the manifolds of 
states arising from open electron configurations and for the correlation of 
molecular electronic states. 

The direct product of two identical degenerate species is the sum of the symmetric 
and the antisymmetric product [see Landau and Lifshitz (26)]. The symmetric product 
(which we shall not define here) determines, for example, the species of the vibrational 
levels 2vi of a degenerate vibration Vi or the species of the electronic states resulting 
from two equivalent electrons (unless the Pauli principle introduces still further 
restrictions). In Appendix III the species forming the antisymmetric product are put 
in square brackets. 

The product representation (I, II) of the total electronic eigenfunction is, of 
course, only a first approximation. In a higher approximation we must write 

^es = W + Xes> (I, 18) 

where Xes contains both spin and space coordinates. However, the species of Xes 
must be the same as that of ijjgp since from general principles must belong to 
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one of the species of the point group concerned, and there can be no change of 
species when the spin- orbit interaction is gradually increased. 

Magnitude of multiplet splitting. The magnitude of the splitting produced 
by spin-orbit interaction is readily calculated only for linear molecules. Just as 
for diatomic molecules, if spin-orbit interaction is relatively small (Russell-Saunders 
coupling), we have for the electronic energy of the multiplet components 

T, = To + ANE (I, 19) 

where 2 is the component of S along the internuclear axis; in other words, in this 
approximation the multiplet components are equidistant and for ^11 the separation 
of the two states with 0 = 0 and 2") is zero. The splitting constant A 
increases rapidly with the atomic number of the atoms forming the molecule. 
The splitting is produced by the magnetic field in the direction of the inter- 
nuclear axis which is caused by the orbital motion of the electrons (A ^ 0). 
The constant A may be positive or negative corresponding to regular and inverted 
states (see Vol. I, p. 216). For non-degenerate states (A = 0, 2 states) there is in 
this approximation no splitting. 

As for diatomic molecules, when the spin-orbit coupling is very large, eq. (1, 19) 
no longer applies and A is no longer defined. Only SI, the total electronic angular 
momentum about the internuclear axis, remains well defined, corresponding to the 
well-defined species discussed above. 

For non-linear molecules belonging to axial point groups, formulae similar to 
(I, 19) have not been developed, but one may expect a similar relation except that 
A A is replaced by A^g, that is, if {g is small, the multiplet splitting is small. The 
theory of spin- orbit interaction in aromatic molecules and ions has been developed 
by McClure (804) and McConnell (807). 

For molecules belonging to cubic point groups in triply degenerate {F) states 
the splitting formula according to Van Vleck (1239) [see also Griffith (16)], is 
essentially that for free atoms as long as Russell-Saunders coupling applies, viz,, 

Tg = To + iA^eJ'iJ' + 1) (1,20) 

where J' is a pseudo-inner quantum number which would represent the total 
electronic angular momentum if were equal to 1, that is, 

/' = T -f -}-;8 -- 1,..., |T - /S^l 

where here T = 1. For doubly degenerate states of molecules belonging to cubic 
point groups just as for non- degenerate states no first-order multiplet splitting is 
expected. 

Mutual perturbation of electronic states. When in a certain approxima- 
tion two electronic states lie fairly close together, they may perturb each other, 
that is, “repel ” each other and adopt each other’s properties on account of mixing 
of the eigenfunctions. If spin-orbit coupling is very small, such perturbations can 
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only occur between states of the same (orbital) species and the same multiplicity. 
It is of course in general not easy to establish the presence of such perturbations 
but they are readily recognized when a state belonging to a Rydberg series 
lies close to a state of a different electron configuration but of the same 
species. There will then be a deviation from the normal Rydberg formula and, if 
there is enough mixing, an extra member of the Rydberg series. 

If spin-orbit interaction is not negligible, perturbations can also occur between 
states of different orbital species as long as the over-all electronic species is the same. 
For example, if a '^Ai state of a molecule lies close to a state, spin-orbit 
induced perturbation can occur for one of the component states of ^E, viz., Ai\ 
or if a ^Ai state lies close to ^E, two components of the latter can perturb the two 
components ^2 + of the former. 

Additional perturbations between electronic states can arise, when the 
molecule is rotating, on account of Coriolis interaction or, when it is vibrating, on 
account of vibronic interactions. These perturbations which affect only the higher 
rotational or vibrational levels of either electronic state will be discussed in sections 
2 and 3 of this chapter. 

2. Vibrational Structure of Electronic States, Interaction of 
Vibration and Electronic Motion 

In a given electronic state a polyatomic molecule may be excited to any of 
the possible vibrational levels. Each of these levels may be called a vibrational- 
electronic state or, for short, following MuUiken, a vibronic state. 

(a) Non-degenerate electronic states 

Vibronic energies. As long as the electronic state is non -degenerate, the 
vibrational levels are of the same type as discussed in Volume II for the electronic 
ground states (which were implicitly assumed to be non-degenerate). The 
vibronic energy is then simply the sum of the electronic energy Eg corresponding 
to the minimum of the potential function and the vibrational energy E^, 

Eev = Eg + E,, (I, 21) 

or, using term values, 

Tev= Tg + ( 1 , 22 ) 

Here the vibrational contribution according to eq. (II, 281) of Volume II is given by 

= 2 + 1) + 2 f + % 

+ 22 + • • • . (I, 23) 

i k>i 

In this equation Vj^. are the vibrational quantum numbers, oji are the vibrational 
frequencies for mfinitesimal amplitudes, and g^Jg are anharmonicity constants, 
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are the degeneracies (1, 2 or 3) of the vibrations i, h, and and are angular 
momentum quantum numbers of degenerate vibrations, 

li — Vi, Vi~2, Vi~-4, . . .y 1 or 0 (I, 24) 

and similarly for l;^. For non-degenerate vibrations, li ~ 0 and — 0. 

Frequently it is more convenient to refer the vibronic energy levels to the 
lowest one in a given electronic state, that is, to write 

T,,= T,-vG,{v^,v^,...) (1,25) 

where 

*' 2 . • ■ • ) = 2 + 22 + 22 + ■ ■ ■ • 

i i i i k > i 

For the relation between coi and coi^ and the observed fundamentals Vf see Volume 

II, p. 211. In (I, 23) and (I, 26) the existence of Fermi resonances has been 
neglected as has been the finer interaction of degenerate vibrations with each 
other, which leads to small splittings of levels in which two or more degenerate 
vibrations are excited (see VoL II, pp. 21 2f). 

The interaction of vibration and electronic motion is taken into account in 
the preceding formulae largely by the fact that the and Xi,^ correspond to the 
potential function of the electronic state considered. However, the interaction 
of the electronic state considered with other electronic states of different species 
on account of vibronic interaction is not included (see below). 

Vibronic eigenfunction and vibronic species. In a first approximation 
the vibronic eigenfunction, which describes the electronic and vibrational motions 
in the molecule, can be written as a product 

(1.27) 

of the electronic eigenfunction equilibrium position and the vibra- 
tional eigenfunction Here q and Q stand for all the electronic and nuclear 

(normal) coordinates respectively. Both and have symmetry properties in 
accord with one of the species of the point group of the equilibrium conformation. 
Therefore the vibronic eigenfunction must also belong to one of these species even 
if the product resolution (I, 27) no longer applies. The vibronic species is therefore 
simply obtained by “multiplication” of the species of electronic and vibrational 
eigenfunctions. This multiplication, or, in group-theoretical language, the forma- 
tion of the direct product, has already been discussed in the preceding section, and 
the results for aU important cases can be found in Appendix III. This Appendix 
can also be used in order to find the species of the vibrational eigenfunction from 
the species of the normal vibrations (see VoL II, pp. 126 and 129). Sometimes 
left superscripts e, v, ev are added to the species symbol whenever it is not clear 
from the content whether an electronic, a vibrational or a vibronic species is meant. 

As an example, consider an electronic state of species (or ^B^g) of an 
ethylene-type molecule (point group Dzh)- If the vibrations VQ{h 2 u) 

are each excited by one quantum (or by an odd number of quanta), that is, if the 
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vibrational eigenfunction has species (or the total eigenfunction will 

have species (also written Figures 2 and 10 below will present further 

examples of species of vibronic levels in non-degenerate as well as degenerate 
electronic states. 

When spin-orbit interaction is large, we must use instead of i/r^, the eigen- 
function including spin in (I, 27). Correspondingly, i/fgu becomes fhe 
vibronic eigenfunction including spin. The species of are obtained from i/j^^ 
in the same way as the species of tpes was previously (p. 17) obtained from the 
species of ijj^ and the species of the spin function (Appendix II). For half-integral 
spin we have two- valued vibronic species. 

In a higher approximation, on the right-hand side of (I, 27) a term )({Q, q) 
has to be added which depends both on the positions of the nuclei and the positions 
of the electrons but in such a way that electronic and nuclear coordinates (q and Q) 
cannot be separated. However, the previous results about the species of the 
vibronic eigenfunction are not changed, since there must be a one-to-one correlation 
of the energy levels for a gradual change of the strength of vibronic interaction and 
since, for any interaction, (or inust belong to one of the species of the 
point group of the equilibrium conformation of the molecule. The reason for this 
conclusion is that the potential energy (and therefore the wave equation) is 
symmetric with respect to all symmetry operations of this point group. 

Correlation of vibronic levels for planar and non-planar equilibrium 
conformation. It happens fairly frequently that a molecule that is planar in one 
electronic state is non-planar in another one. It is therefore of interest to consider 
the way in which the energy levels change in a given electronic state when we 
imagine the equilibrium conformation changed from planar to non-planar. If the 
molecule is non-planar, there are two identical potential minima, and therefore all 
vibronic levels are double on account of inversion doubling, one component level 
being symmetric, the other antisymmetric with respect to inversion. Since the 
potential function of the non-planar molecule has the same symmetry as that of 
the planar molecule, we can use the same species to describe the vibronic levels, 
if in the non-planar case inversion doubling is taken into account. 

As an example, in Fig. la we show a vibrational energy level diagram for a 
non-planar (at left) and a planar (at right) XYZg molecule in a totally symmetric 
electronic state of point group and Czv, respectively. The levels shown in the 
planar case correspond to the out-of-plane bending vibration^ ^ 4 (^ 1 ) have 

alternately the vibronic species In the non-planar case they 

correspond to the bending vibration v^(a'), that tends to open (or close) the 
pyramid and, if inversion doubling is disregarded, would all be levels. But 
the individual inversion components are symmetric and antisymmetric with respect 
to the plane of the planar conformation, that is, are Aj and B^, and can be correlated 

^ Note that the orientation of the axes and therefore the designation of B-i and B 2 has 
been changed compared to Volume II in order to conform to the more recent international 
recommendations [Mulliken (912)]. 
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Fig. 1. Correlation of vibrational energy levels for non -planar and planar mole- 
cules in totally symmetric electronic states, (a) Non-planar and j^lanar XYZg (point 
groups Cs and C2v respectively). (6) Non-planar and planar XY3 (point groups and 
respectively). It is assumed that, as in NH3, the inversion doubling in the non-planar con- 
formation increases rapidly with v. When the doubling is resolved the inversion components 
of a given v are often distinguished as and v~ (e.g., 0'^, 0", 1 1 ", • • • ) or by the species 

symbols corresponding to the planar conformation. 


with those of the planar molecule in the way shown. Figure lb shows a similar 
correlation between planar and non-planar XY3 molecules of point groups Dg;^ and 
Cgy, respectively. In order to find a corresponding correlation for electronic states 
of species different from Ai oi A[, one has only to multiply all vibronic species in 
the figure by the electronic species (even if it is degenerate). It must be noted 
that, in both examples, levels that have the same vibrational quantum number in 
the non-planar conformation are correlated with levels of different vibrational 
quantum number in the planar conformation. In intermediate cases in which 
the inversion doubling is resolved but small, successive levels are often numbered 
0 + , 0 -, 1 +, 1 -, . ... 

A quantitative calculation of the energy levels for various heights of the 
potential barrier separating the two equivalent non-planar conformations has been 
given by Somorjai and Hornig (1142) [see also Chan, Zinn, Fernandez and Gwinn 
(186)]. 

The correlation between a linear and nonlinear conformation is more com- 
plicated, since a vibrational degree of freedom goes over into a rotational degree of 
freedom. There is no inversion doubling. This case will be considered later 
(p. 120f). 


(b) Degenerate electronic states: linear molecules 

Vibronic species. The procedure for obtaining the vibronic species is 
exactly the same for degenerate electronic states as for non-degenerate ones, that 
is, we have to “multiply” the vibrational and electronic species. However, now 
when degenerate vibrations are excited, in general several vibronic species result 
from a given combination of electronic and vibrational species, and therefore, 
several vibronic states result which in a zero approximation have the same energy. 
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For example, if a bending vibration (species IT) is singly excited in a IT electronic 
state of a linear molecule, the vibronic species are IT x IT=S*^ + S" 4 -A (see 
Appendix III). If a degenerate vibration is doubly excited, the vibrational species 
are and A (see Table 32, p. 127 of Vol. II, or the “symmetrical” product in 


*^2 4 



Fig. 2. Vibronic species of the vibrational levels in , 11 and A electronic states of 
linear molecules. The subscripts g ot: u added in brackets give the species designation for 
2/, and Ay electronic states of symmetrical linear molecules (point group Z>ooh). 

Appendix III of this volume) and consequently, the vibronic species are 
(S''^ + A) X n = IT + n + O. In a similar way one finds for the higher 
vibrational levels of 11 and A electronic states the vibronic species given in the 
second and third columns of Fig. 2. In the first column, for comparison, the 
vibronic species in a non- degenerate (totally symmetric) electronic state (S "^ ) are 
given. 

Vibronic angular momentum. In degenerate vibrations and therefore in 
degenerate vibrational levels there is a vibrational angular momentum in the 
direction of the symmetry axis (Vol. II, pp. 75 and 402f). In degenerate electronic 
states this vibrational angular momentum is coupled with the electronic angular 
momentum and the two form a resultant which may be called vibronic angular 
momentum. 

For linear molecules each degenerate vibration Vi has a vibrational angular 
momentum about the internuclear axis of magnitude l^{h| 27 T) where li — Vi, 

2, . . 1 or 0. The total vibrational angular momentum is Z(A/27r), where 

« = ( 2 (±^«) 


(I, 28) 
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Here the + sign takes account of the two possible orientations with respect to the 
internuclear axis. The values ? = 0, 1, 2, . . , correspond to 2, 11 , A, . . . vibrational 
levels. The electronic orbital angular momentum about the internuclear axis is 
A(hl27T) with A = 0, 1, 2, . . . corresponding to S, 11, A, . . . electronic states. The 
resultant vibronic angular momentum is K(hl27T), where 

a: = |±A ± (I, 29) 

Here K = 0, 1, 2, . . . corresponds to 2, H, A, . . . vibronic states. Equation (I, 29) 
represents the result of applying the vector model to the vibrational and electronic 
motion. The results are the same as already given in Fig. 2 on the basis of group- 
theoretical multiplication of species. Note that here K (just as A and 1) in accord- 
ance with spectroscopic practice [see Mulliken (912)] has been taken to be an 
unsigned quantity since the two directions along the internuclear axis are entirely 
equivalent. However, in theoretical work K as well as A and I are usually used 
with sign so that (I, 29), is written 

Z = A + (I, 29a) 

/ Z P K p 

S /2 

3/2 

5/2 
'/2 




I 



‘/2 


0 0 





5/2 


Fig. 3. Vibrational levels of the bending vibration and values (P) of the resultant 
vibronic angular momentum including spin in a electronic state of a linear mole- 
cule with large spin splitting. The values of iC are indicated in brackets. K. is not a 
“good” quantum number when the spin splitting is large. Vibronic (Renner— Teller) inter- 
action has been neglected : see Fig. 8. 
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If the electron spin is strongly coupled with the orbital angular momentum, 
we have, as for diatomic molecules, the total electronic angular momentum n(A/27r), 
where H = |A + S|, and L(hl27r) is the component of the spin along the inter- 
nuclear axis. One has then to form the resultant of SI and I which is called P, 
the resultant vibronic angular momentum including spin. We have for the corre- 
sponding quantum number 

P=|±0±Z|. (1,30) 

For example, in a ^11 electronic state of a linear molecule in which a bending 
vibration is singly excited (^ = 1), we have the P values |, |, Figure 3 gives 

an energy level diagram for this and a few higher levels of the bending vibration 
of a state when the spin splitting is large. The same results can also be 
obtained from group theory by using double -valued representations for the 
electronic and therefore also for the vibronic eigenfunctions. The vibronic species 
are E>„ Pf, . . • for P = f , . . . respectively (see Appendix I). 

In most observed ^11 states the spin splitting is small or intermediate in 
magnitude, and therefore usually the classification of the vibronic levels according 
to K is sufficient; however, when one wants to distinguish the individual doublet 
components, the classification by P is necessary. 

Vibronic interaction (Renner-Teller effect) in singlet electronic states. 

In a zero approximation the vibronic levels for a given set of 1^ values (or, in a 
triatomic molecule, for a given I value) coincide. However there are no reasons 
of symmetry for the coincidence of these levels, and therefore in a sufficiently high 
approximation they must have slightly different energies and there will then be as 
many different component levels as there are vibronic species for the particular set 
of li values. 

Formally we may consider these splittings as produced by the interaction of 
the electronic and vibrational angular momenta similar to the interaction between 
the orbital angular momenta of two electrons in a diatomic molecule (see Vol. I, 
p. 334) which produces the energy difference of states of the same electron con- 
figuration (for example, the difference between 11 and ^ states resulting from the 
configuration IT 8). In the present case the interaction of the angular momenta is 
the result of the forces that correspond to those terms in the wave equation that 
are neglecte d when the product resolution is made (see p . 21 ) . In general there 

are several values of the vibrational angular momentum (I = V 2 ,V 2 ~ 2, . . . , 1 or 0) 
at the same zero-approximation energy and therefore most resultant angular 
momenta occur in pairs except those with K = \v 2 + A|, {vq + A“2|,..., 
\v 2 — A + 2| (that is, for 11 states only the one with K = \v 2 + A|);it is 
the “repulsion” between the members of such pairs which dominates the 
spHtting pattern (see below). 

In order to get a quantitative relation for the splittings we must consider the 
variation of the potential energy with the bending coordinate. As was first 
recognized by Teller (542) and subsequently worked out in detail by Renner (1069), 
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the potential function in a degenerate electronic state splits into two when the 
molecule is bent. This is because in the bent position of a linear molecule, just as 
for a bent molecule, there are no degenerate electronic states since there is no 
more-than-two-fold axis. In Figs. 4b and c at the top the potential energy is 
shown schematically as a function of the bending angle for a 11 and a A state and 




1/ 



(a) 


(b) 


(c) 


Fig. 4. Potential functions for the bending vibration in 2, II and A electronic states 
of linear molecules. The abscissa is the bending coordinate. The two diagrams at the top 
in (6) and (c) correspond to small vibronic interaction, those at the bottom to large vibronic 
interaction. 


compared in Fig. 4a with that for a E state. For the 11 and A states we call the 
upper (inner) potential function V , the lower (outer) one V ~ . Since the potential 
functions for reasons of S3nnmetry must be even functions of the bending coordinate 
r, the zero-order potential function can be vTitten 

Fo = 31) 

and the splitting of the potential function in IT, A, . states must also have the 
same form, viz. 

F+ - F“ = , . (I, 32) 

It is clear that if the vibronic interaction is so large that > a, the F“ curve will 
not have a minimum but a maximum at r = 0, and will in general have a minimum 
at some non-zero value of r. Such a case is illustrated by the lower diagram of 
Fig. 4b. Here we have therefore a splitting of the 11 state into one component 
state in which the molecule is linear and one in which it is bent. 

It can be shown [see Pople and Longuet-Higgins (1002)] that for A electronic 
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states the quantity a in (I, 32) vanishes. Therefore, the splitting becomes notice- 
able only at larger r values. Even if the vibronic interaction is very large, there 
will always be a minimum at r = 0 in both curves as long as in the unperturbed 
function F° the quadratic term is the dominant one. But there may then be a 
second minimum in the lower curve at a non-zero r-value as shown in the lower 
diagram of Fig. 4c. 

In a triatomic linear molecule there is only one way of bending the molecule. 
The bent conformation has the symmetry for an unsymmetric (XYZ) molecule 
and C 21 , for a symmetric (XYg) molecule. In the former case, all degenerate 
electronic states, 11, A, ... , split into one A’ and one A" state each, for r ^ 0. In 
the latter case, the species in the bent conformation differ for different types of 
degenerate states. As will be shown in more detail in Chapter III, section 1, a 11^ 
electronic state splits into and B 2 , into A^ into + A^ into 

A 2 + ^ 2 - In each case, the electronic eigenfunction of one component state 
is symmetric, that of the other is antisymmetric with respect to the molecular 
plane. The appropriate species designations A' ^ A", or Ai, B^, etc. could be 
ascribed to the two potential functions and F“. However it is not possible 
to say generally whether is X', V~ is X" or whether the reverse correlation 
applies. Sometimes the two component states are distinguished as IV 11^"^ 
or A^'^^ A^'^ etc. corresponding to and F“. This designation should not be 
confused with n'^,n”,A'^,A",... used to distinguish the two I- or A-type 
components of a 11, A, . . . state. 

For a four-atomic linear molecule, there are an infinite number of ways of 
bending it. For a symmetrical X 2 Y 2 molecule there are two symmetrical ways of 
bending it leading to a € 2 ^ or a C 2 h symmetry. For Cgu, the symmetries of the 
electronic eigenfunctions are the same as for XY 2 molecules; for C 2 h we obtain 
Ag + Bg from Tig, Ag, . . . and A^ + B^ from 11^, A^, 

We must now investigate the effect of the splitting of the potential function 
on the vibrational energy levels. This is not a simple problem because the energy 
levels are not simply the energy levels belonging to two independent potential 
functions F ^ and F ~ . Classically the reason for this complication is the fact that 
the potential surfaces are in contact and that therefore the molecule may change 
over from one to the other surface unless symmetry requirements prevent it from 
doing so. The quantum -theoretical treatment of Renner (1069) for 11 states of 
linear XYg molecules has shown that only the S vibronic levels (see Fig. 2) can be 
rigorously assigned to one or the other potential function, the S’*" levels to F"*", 
the 2 ” levels to F “ , or conversely, the 2 levels to F ~ and the 2 “ levels to F **' . 
The n. A, . . . vibronic levels belong strictly speaking to both potential functions. 
However in a certain very rough approximation the higher one of a pair of H 
vibronic levels may be assigned to the upper potential curve (F"*"), the lower one, 
as well as the single 11 level at v = 0, to the lower curve (F"); but there is no 
reason of symmetry that this should be so, and it is therefore far from a rigorous 
assignment. Similar considerations apply to A vibronic levels which also occur in 
pairs except for = 1 for which only a single A level occurs (see Fig. 2). 
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If we use as a zero -approximation the product form (I, 27) for the vihronic eigen- 
function, we must substitute for j/rg in a linear molecule according to (I, 8 ) 

(I. 33) 

and for (see eq. II, 58 of Vol. II) 

(I. 34) 

Here v is the azimuth of one of the electrons { = of I, 8 ) and xt gives the dependence 
on the other coordinates of this electron and all the coordinates of the other electrons; 
q) is the azimuth of the molecular plane and a function of the displacement r 

from the equilibrium position. The double sign in front of iA.v and ilcp corresponds to 
the electronic and vibrational degeneracy. 

The coupling of vibration and electronic motion depends on r and on the azimuth 
V — 9 of the first electron with respect to the molecular plane. More specifically, 
according to Pople and Longuet-Higgins ( 1002 ), the perturbation function for small 
coupling is 

H' - fr^ cos 2(v — (p). (I, 35) 

For a n electronic state (A = 1 ), the following combinations of the degenerate zero- 
approximation eigenfunctions must be used with this perturbation: 


for A: = 0, ^=1, '^2=1, 3,..., 

'I’S = 

for JC = 1, Z = 0, 2, Da = 2, 4, . . . 

= X^PvaoWe*' + xr/>„a2(r)e-«”-=<'> 
= xrPvaoWe’*'’ + XePvi2{r)e*'^''-^‘>'> 
•Pi = Xep.,o(r)e<'' - xriO„a2We-‘'"-2”> 
pZi = xrpvsoWe'*” - Xe P^22(‘>‘) 


(I. 36) 


(I. 37) 


The two functions for K = 0 have the species Z and 2 “ , respectively, and retain 
these species for any strength of the vibrational-electronic interaction. It can be 
shown that the i/jq functions even in higher approximation are dependent only on the 
potential function F+ (or only on F“) and entirely independent of F“ (or F^), and 
conversely, that ipQ depends only on F“ (or only on F"^). It is tempting to assume 
that in an analogous way for IC = 1 the first pair of functions and ipt i belong to 
and the second pair and ipZi belong to V~ (or vice versa). But while each pair 
does represent a complete vihronic 11 state {K — 1 ), it is not either symmetric or anti- 
symmetric with respect to reflection at a plane through the internuclear axis, i.e., to 
simultaneous reversal of the sign of v and 9 and therefore does not belong wholly to 
one or the other potential function. Rather, there are non -vanishing matrix elements 
of the perturbation (I, 35) between i/rf for a given V 2 and tpz for another V 2 , that is, 
every 11 vihronic level depends on both F+ and F“. Similar conclusions apply to 
A, <I>, . . . vihronic levels. Nevertheless, in a very rough first approximation it is often 
possible to assign the functions to the one potential function (say F ) and to 
the other (say F~). 


On the basis of the preceding considerations Renner (1069) obtained, for 
small and medium interaction of vibration and electronic motion but disregarding 
the quartic term in (I, 31), the following vihronic term values in an electronic 11 
state of a linear XY 2 molecule: 
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for Z = 0 (E vibronic states) 

0) = ^>2^1 ± e(t’2 + 1). »2 = 1,3, 6, ...; (1,38) 

for Z ^ 0, Va = -S" ~ 1 (lowest single vibronic level 

of species n, A, . . . ) 

Giv^, K) = + 1) - h^KiK + 1)] (I, 39) 

and for if 5 ^ 0, - 1 (remaining IT, A, . . . vibronic 

states, occurring in pairs) 

G^(V2, K) = W2(l - K)(V2 + 1) ± ia)2€V(^72 + 1)" - (I, 40) 

Here 012 bending frequency (in cin"Mf the vibronic energy G{v 2 , K) is to be 
obtained in cm"^) and e is the Renner parameter: e = a/2a where a and a are the 
coefficients of in eqs. (I, 31) and (I, 32). To obtain the total vibronic energy, 
the quantity 0(v2, Z) must be substituted in (I, 22) and (I, 23) for the part depend- 
ing on V 2 , that is, for 012(^2 + !) + The anharmonic terms arc not 

considered in this approximation. Such terms have been discussed by Hougen 
and Jesson (579). 

In Fig. 5 the energy levels obtained from these formulae are shown for Z = 0, 
1 and 2 as a function of c. For Z = 0 the formula (I, 38) is exact when the 
vibrations are strictly harmonic and the coupling purely quadratic. For increasing 
coupling (c) the lower components of the higher vibrational levels cross tlie upper 
components of the lower vibrational levels, and eventually tend to (r = 0 for 
€ = 1, that is, when the lower potential curve has flattened to a horizontal line. 
The n and A vibronic levels behave similarly, but here the formulae are not exact 
for higher € values and do not give the convergence of the lower components to 
(r — 0 at e = 1 which is assumed in Fig. 5. In addition, the formulae give 
crossings of the energy curves (broken lines) which in higher approximation are 
avoided as shown by the full lines. In Fig. 6 an energy level diagram for small 
coupling (e = 0.1) is given which shows all the vibronic levels in their correct 
relative position (neglecting anharmonic terms) up to ?; = 6 and Z = 4. 

Pople and Longuet-Higgins (1002) have carried out calculations for the case 
(lo’wer part of Fig. 4b) in which the lower of the two potential functions has a 
maximum for r = 0 and a minimum for a non-zero r value, that is, corresponds to 
a non-linear equilibrium conformation. In order to consider this case, it is neces- 
sary to include higher power (anharmonic) terms in the potential energy and in the 
coupling energy. For the vibronic levels corresponding to the upper potential 
function (in which the molecule remains linear) Pople and Longuet-Higgins found 
the following formula 

GtK = + 1) - ia[(«2 + 1) - s/iv^ + 1)" - 

+ J6[3(®2 + 1 )^ - £2] 4. 4. i)V(i;2 + 1)2 - K ^} 


(I,«) 
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Fig. 6. Diagram of vibronic levels in a n electronic state for e = 0.1. All levels 
except those with K — V 2 ■¥ I occur in pairs on account of vibronic interaction. Anharmon- 
icity is neglected. 

where a = cc/(2a + a ), jS = ^l( 2 a 4- a), 6 = 6/(2a -f a) and a, b, a, /3 are the potential 
constants defined in (I, 31 ) and (I, 32 ). If K is small compared to v, eq. (I, 41 ) 
can be approximated by 

+ 1) + I (25 + ^){v^ + 1)" - g ((^7^ + (1, 42) 

In the derivation of (I, 41 ) it is assumed that the eigenfunctions ijji can be assigned 
to the levels belonging to the upper curve V'^. The expression (I, 42 ) has the 
same form as the standard expression for the vibrational energy of a bending 
vibration without regard for vibrational-electronic coupling, that is, 

~ ^2(^2 + 1) + ^ 22{'^2 4 1)^ + 922 ^ 

except that I2 is replaced by K and the coefficient of is in general much larger 
than g22 because it contains a quadratic potential constant in addition to higher 
ones. Tor negligible vibronic coupling a 0, jS -> 0 , and therefore X22 “> 

922 if other anharmonic constants are neglected, or if 0)2 « oji, CC3; thus 

in this approximation 022 -> — i%2* Conversely, a large deviation of the observed 
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Fig. 7. Correlation of vibronic 
levels of a n electronic state for 
small and large Renner-Teller in- 
teraction, The coupling parameter a 
of eq. (I, 32} is assumed to increase 
from left to right. At the right the 
levels correspond to the lower potential 
diagram in Fig. 46, i.e., those of a bent 
and a linear equilibrium conformation. 
The approximate correlation indicated 
by the broken lines in Fig. 5 has been 
assumed . Intersections of levels of the 
same K, indicated by O , will actually 
be avoided as shown in Fig. 5. 


A (n. 
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coefficient of from the value -X 22 l^ can serve to indicate the presence of a case 
in which a 11 state of the linear conformation is split into one state with linear 
and one with bent equilibrium conformation on account of strong Eenner-Teller 
coupling (see the lower diagram of Fig. 4b and the discussion of NHa and CH 2 in 
Chap. II). 

For A states, no formulae similar to (I, 38-40) and applicable to small Renner- 
Teller coupling have been developed;^^ but Longuet-Higgins (768) has derived a 
formula for those levels that in a certain approximation may be assigned to the 
upper potential function of a widely split A state when the lower function has 
minima at r ^ 0, We shall not reproduce this formula but only mention that 
according to it for A states unlike 11 states, the coefficient of is not anomalously 
large, but that there is an appreciable quartic term in K, particularly for small v, 
whose presence in an observed spectrum may be used to establish the case 
illustrated by the lower diagram of Fig. 4c. 

Ko special formula for the vibronic levels of the lower potential function V'~ 
has been worked out for either 11 or A electronic states; but in the approximation 
in which (I, 42) holds, one may expect the usual formula for the vibrational levels 
of a bent molecule to hold. Some idea of the actual energy levels may be obtained 
by a consideration of the diagram Fig. 7 in which for a n electronic state schemati- 
cally the levels for small interaction are correlated with those for very large 
interaction. In this diagram there are a few intersection points of vibronic states 
of the same K ^ Q (indicated by small circles). At each of these intersections the 
situation is similar to that shown in Fig. 5b and c, i.e., the “intersection” does not 
actually take place. 

The theory of Fermi resonance in 11 electronic states has been discussed by Hougen 
(570). No detailed discussion of the Renner-Teller splittings for linear molecules other 
than Xy 2 and XYZ has yet been given. For molecules like linear X 2 Y 2 further 
complications are likely to arise on account of the presence of more than one bending 
vibration. 

Vibronic interaction in doublet states. The first case of a Renner-Teller 
splitting was observed in a state, and even now more examples of such splittings 
in states than in ^11 states are known. It is therefore important to consider 
the effect of the presence of a non-zero electron spin on the vibronic interaction or, 
conversely, the effect of vibronic interaction on the multiplet structure. This was 
first done by Pople (1001). The results of his calculations are illustrated in Fig. 8 
which gives the correlation of the actual energy levels of a ^11 electronic state 
shown in the center with those for vanishing Renner-Teller interaction, shown at 
the left, and with those for vanishing spin- orbit interaction, shown at the right. 
The levels at the left are taken from Fig. 3 but they show a single level for each set 
of coinciding levels; the levels at right are taken from Fig. 6 but symbols corre- 
sponding to the presence of spin are added, even though spin-orbit coupling is 
assumed to be zero. The component levels with Z = ^2 + 1 at the right, split 
Since this was written, Merer and Travis (826) have developed such formulae. 
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Fig. 8. Correlation of the vibronic levels of a ^II electronic state for zero vibronic 
(left) and zero spin- orbit (right) interaction with those for which both interactions 
are non -zero (center). Energy levels that coincide in a given approximation are shown as 
one level with the term symbols indicated. Note that at the left (and in the center) the 
quantum number K (indicated by the symbols S, H, A,. . .) is not a good quantum number, 
but P is a good quantum number throughout. 
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upon introduction of spin-orbit coupling in a first approximation in the same way 
as if there were no vibronic interaction, i.e., instead of (I, 39) we have 

G(v2, ±J) = A- V) ± \A —■ \€^(x)2K{K + 1), (I, 44) 

where ± } stands for the spin quantum number S, which represents the component 
of S along the internuclear axis and where A is the usual spin-orbit coupling con- 
stant. In this approximation the spin splitting for the component Z = ^^2 + 1 is 

Avjif-yg + i = A^ (Ij 45) 

the same as without vibronic interaction. In a higher approximation, as was 
shown by Hougen (568), one finds a slight dependence on K: 

= = ^[1 - h^K(K + 1)]. (I, 46) 

Tor vibronic levels with K < A there is a considerable change. Pople 
(1001) [as corrected by Hougen (568)] gives 

± 1 ) = 0 , 2(1 - + 1 ) + - 

(I, 47) 

G-{v„K, ±1) = 0,2(1 - + 1) - iA*,.K 

°^V2,K 

where 

,K = VA^ + + 1)" - (I. 48) 

is an effective spin-splitting constant modified by vibronic interaction. Equation 
(I, 47) should be compared with (I, 40) into which it goes over when ^ 0. If ^ 

is small compared to €C 02 , (I? 47) may be simplified to 

±1) = ^2(1 - 4^=)(*’2 + 1) + i€0,2V'(l,2 + 1)2 - 

_ eAKjv^ + 1) 

8 V '(«2 + 1)' - 

G-(«2, ±i) = 0,2(1 - ie2)(t,2 + 1) - i€CoW{v^ + 1)2 - £2 (I, 49) 

4- €u4Z(^2 a 1) 

“ SViv^ A 1)" 

Coming from the left-hand side of Fig. 8 we see that the doublet splitting of 
the states with 0 < Z < + 1, e.g., of the two vibronic ^11 states of ^^2 = ^ or of 

the two vibronic states of Vg = 3, is increased by the introduction of Henner- 
Teller coupling from the value A to 

Avo<jij'<^2 + i = -^vz.K’ (I> Sfl) 

We may consider this as a result of the mutual “repulsion” of states of the same P 
which is greatest for the smallest P value. (There is no repulsion for the two 
central components since they have different P values.) The center of one doublet 
is shifted down, that of the other up by the amount eMaj 2 Z (^;2 + l)/(8.4* js:); 
one doublet is normal, the other is inverted. 
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On the other hand, coming from the right of Fig. 8 two correlations are 
possible : either each pair of states coinciding for .4 =0 splits into one state of the 
upper and one of the lower group in the center (broken-line correlation) with the 
splitting given by (I, 50), or the upper pair is correlated with the two levels of 
the upper group, the low’er pair with the two levels of the low'er group in the center 
(full-line correlation). For this correlation the splitting is much smaller, namely, 
from (I, 47) 


Avq 


<K<v+l 


€^Acti2K(V2 4 - 1 ) 

53 *; 


(1,61) 


For the vibronic levels with — 0 (^E), which occur for odd V 2 , there is no 
splitting. But as A increases, the tw^o states of a given V 2 are pushed apart by 
the combined effect of spin- orbit and vibronic interactions (see Fig. 8 ). The 
vibronic energy is again given by eq. (I, 47) if w^e put K = 0. The separation of 
the two ^2 states is given by (I, 50) with K = 0. While at the right of Fig. 8 , 
for vanishing spin-orbit coupling, one of the ^2 states is ^2 “ , the other ^2 , in the 
center of Fig. 8 as w^ell as at the left when spin-orbit coupling is large, the + , ~ 
character is no longer w^ell defined: the ^2 states at the left are more nearly like 
J states in the sense used for Hund’s case (c) of diatomic molecules (see Vol. I, 

p. 236). 


Vibronic interaction in triplet states. Hougen (569) has also considered 
the Renner-Teller splittings for states of XYg molecules. Figure 9 show s the 
results in a way similar to Fig. 8 . Every vibronic state at the right, upon intro- 
duction of spin-orbit interaction, splits into three component states (which differ 
in the value of P = |X 4 - 2 |) except the ^2 vibronic states w'hich split into twm 
states, a 0 and a 1 state as in Hund’s case (c) of diatomic molecules (O'^ from ^ 2 “ 
and 0“ from ^2"^). In a first approximation the component states with P = P 
have the same energy as without spin-orbit interaction, w'hile the energy of the 
states with P = P 4 1 is given by (I, 47) if X is replaced by 2A. Again the 
vibronic states with K = V 2 I have the same spin splitting as without vibronic 
interaction (see Fig. 9). 


(c) Degenerate electronic states : non-linear molecules 

Vibronic species. Just as for linear molecules, several vibronic species and 
therefore several vibronic levels result for a given excitation of degenerate vibra- 
tions in a degenerate electronic state of a non-linear molecule (in this sub -section, 
“non-linear” refers not to “bent” molecules but to molecules that have at least one 
Cp with p > 2). For example, if in a planar XY 3 molecule (point group D^f^) 
a degenerate e' vibration is singly excited in an E" electronic state, we obtain from 
Table 57 (Appendix III) the vibronic species x ^E" = 4 - "M 2 + 

If the same vibration is doubly excited, i.e., if the vibrational species is + E' 
(see Table 32, p. 127 of Vol. II), we obtain the vibronic species (M^ -f W) x ^E" 
= ^^E"' + "Ml -h ®M 2 + In Fig. 10a and b the vibronic species in several 
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Fig. 9. Correlation of the vibronic levels of a electronic state for zero vibronic 
(left) and zero spin- orbit (right) interaction with those for which both interactions 
are non-zero (center) [after Hougen (569)]. See legend of Fig. 8. 
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Fig. 10. Vibronic species of the vibrational levels of non- degenerate and degenerate 
vibrations in various types of electronic states of (a) molecules and (6) Dg^ mole- 
cules. The species in the body of the figure are vibronic species. The prefix ev has been 
omitted in accordance with common practice. The same diagrams can be used for and 
Cgy molecules respectively if ' and " and g and u are disregarded. ~ 
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degenerate and non-degenerate electronic states of and molecules are 
shown for z; < 4. On the basis of these diagrams and the rules given above, it is a 
simple matter to derive similar diagrams for other electronic species and other 
point groups. If vibronic interaction is taken into account, there will be as 
many different vibronic levels as there are vibronic species for each vibrational 
level. But the degenerate (E, F, . . .) vibronic levels are not split by the vibronic 
interactions. In particular, the lowest vibrational level of a degenerate electronic 
state always remains a single vibronic level of a degeneracy equal to that of the 
electronic state. This holds even when large amplitude motions are possible as in 
the case of several potential minima separated by low (surmountable) barriers 
(see p. 5). Only the interaction with rotation can produce a splitting (see 
section 3). 

The Jahn-Teller theorem. Before we can evaluate the magnitude of the 
splittings between the different vibronic levels obtained in the above described 
manner, we must, just as for linear molecules, consider the splitting of the potential 
function for non- totally symmetric displacements of the nuclei. Qualitatively the 
reason for the splitting of the potential function is the same as for linear molecules: 
in the displaced position of the nuclei the symmetry is lower and, in general, all 
electronic states are non -degenerate; instead of one doubly degenerate electronic 
state, we obtain for the displaced position of the nuclei two non-degenerate 
electronic states of slightly different energy. Similarly, for triply degenerate 
electronic states we obtain three non-degenerate or one non- degenerate and one 
doubly degenerate state depending on the type of the displacement. 

For some of the non-totally symmetric displacements we have in a first 
approximation simply two parabolic potential functions which run together 
(osculate) at the symmetrical position where they both have minima (when vibronic 
interaction is small), just as for linear molecules (Fig. 4b and c). However, Jahn 
and Teller (618) have shown that in a non-linear molecule, unlike a linear molecule, 
there is always at least one non-totally symmetric normal coordinate that causes a 
splitting of the potential function such that the potential minima are not in the 
symmetrical position. Rather they are at a certain distance from this symmetrical 
position which is greater the larger the vibrational-electronic interaction. A 
one-dimensional cross-section through the potential function in a simple case is 
shown in Fig. 11. The two components of the potential function cross each other 
at the ‘'original” equilibrium position with a non-zero angle. Thus, the sym- 
metrical conformation is not the position of minimum energy if vibronic inter- 
action is taken into account; rather, several (equivalent) minima of potential 
energy arise for certain unsymmetrical conformations. 

For example, for a molecule like CH3I in a degenerate electronic state, if 
vibronic interaction is not negligible, the I atom will not be in equilibrium 
on the axis of symmetry but will have three symmetrical equilibrium positions 
off the axis. The potential function still has symmetry, but there is no 
potential minimum when the I atom is on the axis. If the vibronic interaction is 
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Fig. 11. Cross section through the potential function of a non-linear molecule in 
a degenerate electronic state when vibronic interaction is large. Q is a non -totally 
symmetric normal coordinate that gives rise to strong Jahn-Teller interaction. 

very strong, the minima are very far off axis, and very large amounts of vibrational 
energy would be required to bring the molecule from one of the (equivalent) 
potential minima to another. In such a case it would be better to consider the 
molecule as unsymmetrical (point group Q). However, if the vibronic interaction 
is weak, small amounts of vibrational energy suffice to make the system go from 
one minimum to another, i.e., to cover the whole symmetrical potential surface. 
In that case it is better to consider the molecule as sjmi metrical and study the 
modifications of the energy levels of such a symmetrical s^’stem by the vibronic 
(Jahn-Teller) interactions treated as a perturbation. 

Qualitatively, one can demonstrate the validity of the Jahn-Teller theorem 
most easily for an X4 molecule of point group i.e., when the four X atoms are 
at the corners of a square [see Sponer and Teller (1 155)]. In a displaced position of 
the antisymmetric vibration V2(bi^), as shown in Fig. 12a, the conformation of 
the nuclei is no longer square. In this conformation for a degenerate electronic 
state (say Eg) there is a splitting of the degeneracy, i.e., there are two electronic 
states of species B 2 g and of the point group (see Table 60, Appendix IV) ; 
B 2 g is antisymmetric with respect to the yz plane, B^g with respect to xz. Let the 
energies be W^giQ^) a^nd lT3g(Q2) where Q 2 stands for the normal coordinate, and 
let W 2 g(Q 2 ) > ^39(62)* If we now reverse the displacements (i.e., consider —Q 2 ) 
as in Fig. 12b, we have again a splitting. Let the energies be IF2g(— Q2) 

W^g( — Q 2 ) where as before Wzg and Wsg belong to the electronic functions that 
are antisymmetric with respect to the yz and xz planes, respectively. Since 
Fig. 12b can be obtained from Fig. 12a by a simple rotation by 90°, it follows 
that 


^2.(-Q2) = W,g{Q 2 ) and W^g(^Q 2 ) = If 2.(02) 


(I, 52) 
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Fig. 12. Non-totally symmetric normal modes of a planar square X 4 molecule. 

The broken-line quadrangles represent the displaced conformations. For each vibration, v^, 
V4, Vs, two opposite phases are shown. 

and therefore, as shown by Fig. 13a, the two energy curves W2g and W^g must 
cross each other. They do so at $2 = ^ where by assumption we have an electronic 
degeneracy [lF2g(0) = lF3g(0)]. Thus neither 1^2^ nor W^g need have a minimum 
at (Qa = 0 and therefore in general each of them will vary linearly with Q2 near 
$2=0. A minimum, if it occurs at all, will occur at a non-zero $2 value in 
accordance with the Jahn-Teller theorem. 

In exactly the same way we see that the 62^ bending vibration of X4, shown 
in Fig. 12c and d, gives the energy curves as a function of $4 in Fig. 13b which 
also cross, and for exactly the same reasons as those for $3- If should be noted 
that the splitting of the energy as a function of $4 is in general different from that 
as a function of $2* a consequence, if we plot the potential energy as a function 
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Fig. 13. Variation of the potential energy in a degenerate electronic state of a 
planar square X4 molecule as a function of (a) the normal coordinate Q2 corresponding 
to P2(big)y [b] the normal coordinate Q4 corresponding to 1^4(629), and (c) the normal 
coordinate Q^a corresponding to one of the components of vsCe^) (compare Fig. 12 ). 

of the two normal coordinates Q 2 and Q4 (which for each X atom are at right angles 
to each other, see Fig. 12), we obtain a surface with two minima and two saddle 
points as illustrated by the contour diagram Fig. 14. 

If we apply the same procedure to one component of the degenerate bending 
vibration (see Fig. 12e and f), the displaced conformation has symmetry 
(with a diagonal of the square as the C 2 axis) and the degenerate electronic state 
splits into an .4 2 and a state (see Table 59). Suppose that > 5 a) 

for positive 65^. If we now reverse the displacements (Fig. 12f), since the two 
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diagrams differ only by a rotation by 180° widch does not change the species of 
the two electronic component states, we see that here 

^A^(-Q5a) = '^A^Qsa) and Ws^(-Qsa) = 
and therefore the two energy curves do not cross over; rather, they both have a 
minimum at Q^a — ^ where they coincide: there is no dahn-Teller instability. 
The same applies, of course, to the other component of the degenerate vibration 
(see VoL II, p. 92, Fig. 37), and therefore the potential surface in the space of the 
tw'o mutually degenerate normal coordinates Qsa Qdt splits into two coaxial 
paraboloids which coincide at Qg = 0. This is exactly the same behavior as in 
degenerate states of linear molecules: we have a Renner-Teller but not a Jahn- 
Teller splitting. [For more details see Hougen (577).] 

For molecules with three-, five-, six-fold axes, the proof of the Jahn-Teller 
theorem cannot be obtained in such a simple qualitative way as just presented for 
molecules with four-fold axes. We consider here only the proof for an Xg molecule 
of point group Dg^ following Moffitt and Liehr (869) who discuss a more general 
case. 


Let the two degenerate normal coordinates of the vibration V 2 be Qsa ^nd Q 25 
shown in Fig. 15, the first being symmetric, the second antisymmetric with respect to 
the yz plane. Let q represent the coordinates of the electrons and let ^^^d be 
the two electronic eigenfunctions belonging to a degenerate electronic state (species E'). 
They are eigenfunctions of the electronic Hamiltonian Hq = Tg (see p. 8) 

which depends on the normal coordinates as parameters. 

It is convenient to introduce the complex normal coordinates and electronic 
eigenfunctions 

Q 2 “ Qza “t '^Q2b ~ 7*6'*'^®’ 

QS = - iQit = re-'" J .g 

= ^ea + Web 
= «Aea - #e6- 

The electronic energy of the system is determined by the secular equation 


H^^-E 

= 0 . 

- E 


(I, 54) 





Fig. 15- The two components of the degenerate mode of a symmetrical X 3 molecule. 
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where the matrix elements are given by 


(I, 55) 


The Hamiltonian Hg can be developed in a power series of the normal coordinates. 
We only consider the dependence on the degenerate normal coordinates and ^2 
and write 

= Ho + HtQ^ + Hi" <92^ + (I, 56) 

Substituting into the matrix elements (I, 55) we obtain 

+ 14,: *m 4 ,:dq + + ■ ' ’ ' 

= i4t*H4;dq + Qi l4t*Ht4>7<h + ^2 

+ *H^4,-dq + /</'.■' *H2 4edq ’ ’ 

and similarly for H _ _ and H _ + . 

For a rotation by 120° about the axis of symmetry, Q 2 , multiplied 

by ctj = e + while Q 2 , 0e~ multiplied by a) = Q-2nii3^ Since the 

Hamiltonian must be totally symmetric, it follows that Hi" and for a rotation by 
120° are multiplied by o) and Ji, respectively, while H 2 and Hj are multiplied by 
and d)^, respectively. The integrals in (I, 57) and (I, 58) are different from zero only 
if the integrands are invariant under all symmetry operations permitted by the point 
group, in particular under the operation C3 (rotation by 120°). If this is kept in 
mind, it is readily seen that in H + +, and similarly _, the linear terms in Q 2 vanish. 
On the other hand, in H + _ and H_ + the first term (independent of Q 2 ) vanishes wliile 
one of the linear terms, Q 2 for the H + _ and Ql for H_ + , does 7iot ordinarily vanish. 
Therefore, if we neglect the quadratic terms, we can write 


H^., = Wo = H__, H^.=CQi. 
Substituting into (I, 54) we obtain 

W,-E CQ} 


= CQ 2 


CQI Wo-E\ 


= 0 


and therefore 
or, with (I, 53) 


E= Wo±CVq^.Q- 
E = Wo ± Cr, 


(I, 59) 


(I, 60) 


where r = V Qla + Qib is the magnitude of the normal coordinate. 

Equation (I, 60) shows that in a first approximation the electronic energy 
varies linearly with the displacement r, increasing for one component state, 
decreasing for the other. The potential minimum is not at r = 0. This is the 
statement of the Jahn-Teller theorem for an X 3 molecule of point group 
As long as quadratic and higher terms in the Hamiltonian are neglected, the two 
potential surfaces depend only on the magnitude r of the degenerate normal 
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coordinate, and thus we obtain in the Qaa? Q 2 b space a surface of rotational sym- 
metry described by rotating the diagram Fig. 11 about the 2 axis. This is shown 
in Fig. 16 and, in the form of a contour diagram, in Fig. 17a. There is a circular 
trough of constant depth around the origin. 

If the quadratic terms in the matrix elements and are not neglected, 

one finds that as a function of (p there are three minima for each value of r. Such 





Fig. 16. Potential energy surface of a non-linear molecule in a degenerate elec- 
tronic state as a function of the two components of a degenerate normal coordinate 
(first approximation). The horizontal plane shown gives the energy of the minimum of 
potential energy before vibronic interaction is introduced. 

a surface is shown by contour lines in the Q 2 a, Q 2 b plane in Fig. 17b. There are 
three bowls separated by saddle points, all of which are joined together in the 
center by a conical peak. The contour diagrams show only the lower of the two 
surfaces. To help in visualizing the upper surface, Fig. 18 shows a cross section 
through the yz plane. The cross sections through the other two minima and 
the z axis are, of course, identical with Fig. 18. A cross section through the 
xz axis would give a symmetrical picture like Fig. 11, but the minima of the 
potential curves in this cross section do not correspond to the bottom of the two 
bowls. 

The three potential minima of Fig. 17b correspond to the three conformations 
of the molecule shown in Fig. 19. Each nucleus has three potential minima 
for its motion, but, of course, the motions of the three nuclei are not independent 
of one another. A simpler case is the motion of the central X atom in a planar 
XYg molecule when the Y atoms are heavy (as, e.g., in BCI3). The potential 
surface Fig. 17h appHes then directly to the motion of X in real space (rather than 
in normal-coordinate space). Similarly, as already mentioned, in an XYZg 
molecule the motion of the X atom is given by a potential surface essentially like 
Fig. 17b. 
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Fig. 18. Cross section of the potential function Fig. 17b in the yz plane. The scale 
given on the V axis corresponds to that indicated by the numbers on the contour lines in 
Fig. 17b. 



Fig. 19. Three equilibrium conformations of a symmetrical X 3 molecule in a 
degenerate electronic state when Jahn-Teller interaction is strong as in Fig. 17b. 
The broken-line triangle in each diagram gives the original equilibrium conformation before 
vibronic interaction is introduced. 


The treatment of the Tahn-Teller theorem for other more complicated cases is 
similar [see Jahn and Teller (618), Van Vleck (1237), Moffitt and Liehr (869), Moffitt 
and Thorson (870) and Liehr (747)]. A linear term in the matrix elements 
and I1-+ and therefore an instability of the symmetrical configuTation will always 
arise when integrals of the type do not vanish, and they will not vanish 

when the product has the same species as a non-totally symmetric vibration 

(since has the opposite symmetry, see above). If Q is the (degenerate) species of 
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then the species of is that of the symmetrical product of G with itself. 

These products are included in Table 57, Appendix III. The symmetrical product 
always includes the totally symmetric species, but a vibration of this species can, of 
course, not lead to a splitting of the degeneracy [see also Table 32 (p. 127) of Vol. II]. 

Table 2. Species of normal coordinates that will produce Jahn~ 


Teller instability in degenerate electronic states of non-linear 

molecules 


Point group 

Degenerate 

Species of normal coordinates 

electronic state 

causing instability 

T>q, Cqii, CA^ 

E' 

e' 


E" 

e' 

D2d» C^i^y C 4 , 5 * 4 ]^ 

E, 

^2g 


Eu 

^Igy ^2g 

^5h)[CQv) ^5> ^' 5 ]° 

E{ 



El 

^2 


K 



E'i 

ei 

Cevii^el 

E, 





^3d> *^ 6 ]*^ 


^2g 



®2g 


^2g 

^2g 


-®2u 

^2g 


E, 

^2 


E2 

^2 


■Ba 

®2 

Ta, 0 ,[r]® 

E 

e 


Fx 

e./2 


F2 

6. A 

On 

E, 

e? 


E. 



Fu 

®S>/25 


Fxu 

®S>/25 


F2, 

®9>/29 


F2u 

*91/29 

4 

Fx2 

K 


Fxu 

K 


0, 

3s, K 


G. 

9s, 4 


H, 

?9> K 


Hu 

9s, K 


For C 73 „, Da, and C 3 the ' and * should he omitted. 

^ For C 4 u, D 4 , Dad (— ^d) the subscripts g and u, for the -subscripts 1 and 2, and for C 4 and all subscripts 

should be omitted. 

e For Csu, D 5 , and Cg the ' and '* should be omitted. 

d For Dg the subscripts g and m should be omitted. For Ds^ the subscripts 1 and 2 of E and e should be omitted, 
e For T the subscripts 1 and 2 shoi^id be omitted. 
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For the convenience of the reader, in Table 2 the species of all \dbrations that can cause 
Jahn~Teller instability are given for the degenerate electronic states of all important 
point groups. 

For a molecule with a five-fold axis of symmetry in a degenerate electronic state 
the potential surface as a function of the two components of an appropriate normal 
coordinate (see Table 2) would have five minima symmetrically placed around the 
original equilibrium position, entirely similar to Fig. 17b for a three-fold axis; for a 
seven-fold axis, there would be seven minima. However, for molecules with a four-fold 
axis, as we have seen, only two potential minima appear, and similarly for six- and 
eight -fold axes only three and four minima, respectively. The difference between odd 
and even axes is due to the fact that for the latter the vibrations that cause instability 
are symmetric with respect to rotation by 180® about the axis. 

In all cases (both odd and even axes), the potential energy as a function of the 
coordinates of all nuclei has the full symmetry of the “ original ” point group no matter 
how large the interaction of vibration and electronic motion, no matter how much the 
minima resulting from Jahn-Teller instabilitj^ deviate from the axis of symmetry. 
Figure 19 illustrates this for an X 3 molecule since it gives all the (Jahn-Teller distorted) 
equilibrium positions of all the nuclei: the full potential function obtained by super- 
imposing the three diagrams of Fig. 19 has 2 ) 3 ^ symmetry. The corresponding 
diagram for an X 4 molecule (Fig. 12) has only two equilibrium positions for each nucleus, 
but the potential function is invariant under all symmetry operations as is readily 
seen by superimposing diagrams similar to those in Fig. 19. If a central atom is present 
as in an XY 4 molecule this atom (X) does not take part in h-^g or 62 ^ vibrations, and 
therefore, Jahn-Teller instability does not affect it: it has only one equilibrium position 
on the axis. The symmetry of the potential function is again no matter how large 
the effect of Jahn-Teller instability is on the Y atoms. 

The degenerate states of molecules which cannot be described by the standard 
point groups (non-rigid molecules, see p, 5f) are also subject to Jahn-Teller interaction 
but no detailed discussion of such cases has yet been given. Only the case of molecules 
with inversion symmetry is easily treated: for example for NH 3 the symmetry group is 
effectively and in a degenerate electronic state the H atoms have now six instead 
of two equivalent equilibrium positions. 

The magnitude of the Jahn-Teller interaction in a given degenerate electronic state 
is very difficult to predict. It depends on the way in wffiich the various filled molecular 
orbitals (see Chap. Ill) affect the vibrational motion. Coulson and Strauss (243) have 
attempted a prediction for a few simple cases (CH^'*', CF^'^, XHs'*' and NH3), but the 
experimental data are as yet quite insufficient for a satisfactory comparison. 

An interesting discussion of the Jahn-Teller theorem in terms of forces rather than 
potential functions, using the Hellman-Feynman theorem, has been given by Clinton 
and Rice (210). 

Effect of electron spin on Jahn-Teller instability. The preceding con- 
siderations apply to orbital degeneracy. Jahn (616) and MuUiken and Teller (917) 
have considered the effect of electron spin. The general result is that spin-orbit 
interaction tends to reduce the effects of Jahn-TeUer instability. 

For molecules with an even number of electrons, the spin function and thus 
the spin-orbit function has only one-valued representations just as the orbital 
function, and therefore for these molecules the general theorem is unchanged: any 
state with a degenerate spin- orbit function is unstable in the symmetrical con- 
formation since there is always a non-totally symmetric normal coordinate on 



52 


ELECTRONIC STATES 


I, 2 

which the potential energy depends linearly (see Table 2). For example, in a ^E 
state of a molecule, which is orbitally unstable, the spin causes a splitting into 
thestates-di A + E + F(seep. 18) of which only the last two will be unstable; 



(c) (d) 


Fig. 20. Cross sections through potential surfaces in triplet and doublet states 
when Jahn-Teller interaction is present, (a) small spin-orbit interaction; 

(6) large spin-orbit interaction; (c) large spin-orbit interaction; [d) ^iS, small 
spin-orbit interaction. The broken line curves in {d ) give the potential function for zero 
spin-orbit interaction. All diagrams are qualitative. 

the first two component states have a symmetrical equilibrium conformation. 
On the other hand, for a state, which is orbitally stable, we have a splitting 
into J -2 + of which only the first is stable, the second unstable. However, the 
E component is only very slightly unstable (i.e., the equilibrium position is very 
nearly the symmetric one) because in an orbitally non- degenerate state spin-orbit 
coupling is always very small. A one-dimensional plot of the potential function 
for the two examples is shown in Fig. 20a and b. The splitting for ^Ai is exag- 
gerated by a large factor. 

The situation is different for an odd number of electrons. The electron spin 
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is not directly affected by an electric field, and therefore the coupling of vibration 
and electronic motion cannot remove the degeneracy caused by a single spin, the 
so-called Kramers degeneracy (see p. 17). As we have seen previously, for the 
description of spin functions corresponding to half-integral S values the extended 
point groups (double groups) have to be used. Jahn (616) has shown that it is 
now the antisymmetric (rather than the symmetric) product of the species of the 
spin-orbit function with itself which must have the same species as one of the 
non- totally symmetric normal vibrations in order to make Jahn-Teller instability 
possible. 

As can be seen from Table 57 (Appendix III), for all axial point groups the 
antisymmetric product of any doubly degenerate two- valued representation with 
itself is totally symmetric; that is, Ex, i7|, . . . states cannot be split by vibronic 
interaction in accordance with Kramers’ theorem that a two-fold spin degeneracy 
cannot be split by any non-magnetic interactions. Thus, for all axial point groups 
when spin-orbit interaction is large, there is no Jahn-Teller instability. For 
example, a state of a molecule assumes species Ei. when spin-orbit coupling 
is large, but vibronic coupling cannot remove the degeneracy. There is no Jahn- 
Teller instability. Only a magnetic field such as that connected with rotation can 
remove the degeneracy. 

In a ^E state the orbital part of the degeneracy will lead to Jahn-Teller 
instability if spin-orbit interaction is small. For large spin-orbit coupling ^E will 
split into two states of species E^ and Ex (see Fig. 20c). The introduction of 
vibronic coupling produces no further splitting; each of the two doublet components 
remains doubly degenerate for any displacement of the nuclei. The potential 
minima are in the symmetrical conformation. For intermediate strength of spin- 
orbit coupling, when the effects of vibronic instability of the orbital state and of 
spin splitting are of similar magnitude, we obtain again tw^o potential functions 
for ^E, one with a single minimum in the symmetrical conformation, the other 
with two minima off axis as shown schematically in Fig. 20d. For comparison 
the potential functions that would arise for zero spin- orbit interaction are shown 
as broken lines. If spin-orbit interaction is included (full-line curves), there are 
for small displacements two states E}, and Ex, each of which is doubly degenerate 
but does not split and which for large displacements go over into the t^vo Jahn- 
Teller states. Thus, one state with a minimum and one wdth a maximum on the 
symmetry axis is formed. In other words, spin-orbit interaction for half-integral 
spin removes near the axis the point of intersection of the potential functions, that 
is, reduces the instability produced by orbital degeneracy. 

For cubic and icosahedral point groups, there are for an odd number of electrons 
two -valued representations with a dimension higher than two, and these electronic 
degeneracies can be split by vibronic interaction. For example, for a tetrahedral or 
octahedral molecule there are, for half -integral spin, four-fold degenerate electronic 
states of species (?§ (or Gxg, The antisymmetric product of this species with itself 

(see Table 57) contains the non- totally symmetric species E and Fs (or Eg and F 2 g for 
Oft). Vibrations of these species will produce Jahn-Teller instability in <7| states, i.e., a 
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splitting of the potential function into two, just as in Fig. 11. But each component 
function still corresponds to a spin-doublet (Kramers’ doublet) which cannot be split 
by vibronic interaction. 

Vibronic energy levels. The discussion up to now has dealt with the 
effect of the vibronic interactions on the potential functions in degenerate 
electronic states of non-linear molecules. This effect is sometimes referred to as 
static Jahn~Teller effect. We must now consider the energy levels tliat arise 
when Jahn-Teller instability is present, that is, consider the dynamic Jahn-Teller 
effect. For this purpose we must solve the wave equation when potential 
functions of the type discussed above (Figs. 14, 16, 17) are substituted into it. 
This was done by Moffitt and Liehr (869), Moffitt and Thorson (870)(871), and 
Longue t-Higgins, Opik, Pryce and Sack (769) [see also the summaries by Longuet- 
Higgins (766) and Child and Longuet-Higgins (194)]. We shall only discuss the 
results. 

The general result is (as was to be expected) that each vibrational level of 
given V splits into as many different vibronic levels as there are species resulting 
from the multiplication of electronic and vibrational species, for example for 
and into as many levels as indicated in Fig. 10a and b. This splitting may 
be called the Jahn-Teller splitting. Here it may be remembered that even in a 
non-degenerate electronic state the higher levels of a degenerate vibration are split 
by anharmonicity (see Fig. 10). In a degenerate electronic state the potential 
function, as we have seen, is clearly not harmonic, and it is therefore not surprising 
that further splittings occur. It must, howwer, be emphasized that all genuine 
vibronic degeneracies remain, i.e., E vibronic levels are not split, no matter how 
strong the vibronic interaction. This is because the permutation-inversion sym- 
metry is unchanged and therefore the potential function always has tlic full 
‘‘original” symmetry even if the symmetrical conformation no longer corresponds 
to a potential minimum (see p. 51). 

The calculations so far made of the vibronic energy levels in doubly degenerate 
electronic states have all introduced a simplification of the potential function by 
assuming that the quadratic terms in (I, 56) are negligible and therefore that the 
potential function has rotational symmetry as in Fig. 16, i.e., has no separate 
minima at the bottom of the “moat ”. For this reason the pairs of levels A^, A 2 are 
not split but behave like other degenerate vibronic levels. Even with this neglect, 
the solution of the wave equation is quite cumbersome, and explicit formulae for 
the energy levels can be given only for the limiting cases of very small and very 
large Jahn-TeUer coupling. For very small coupling the authors mentioned [see 
also Child (193)] obtained the following formula for the vibronic levels in Z 3 
molecules 

(7(^2, 1) ~ ^ 2(^2 + 1) + 2I)aj2{l i !)• (I, 61) 

Here D is a coupling parameter defined in such a way that Dc^a is the depth of the 
bottom of the “moat” below the “original” equilibrium position. For each 
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value of Z ( = V 2 , ^2 — 2, . . . , 1 or 0), there are two energy values corresponding to 
the upper and lower signs, except for I = 0, for which only the upper sign holds. 
According to Child (193) eq. (I, 61) holds for D < 0.05. Moffitt and Thorson 
(870) and Child (190)(193) have given corresponding formulae for and 0^^ 

molecules in degenerate states. 


1 / 



E I E 42 I A, ^2 E \ £ E 


3/2 6/2 5/2 7/2 

Fig. 21. Energy levels of a degenerate bending vibration in a degenerate electronic 
state of a (or molecule for very small vibronic (Jahn -Teller) interaction, 
compared with the corresponding levels for zero vibronic interaction. The heavy 
horizontal lines represent the actual energy levels, the broken horizontal lines the levels with- 
out vibronic interaction. Levels of the same j but different I are connected by sloping broken 
lines which are intended to indicate that these levels interact with one another when vibronic 
interaction is introduced. The Ai and A 2 pairs are not split in this approximation- 

in Fig. 21 the energy levels given by (I, 61) (indicated by heavy lines) are 
compared with the levels for zero vibronic interaction (assuming a strictly harmonic 
vibration). The two energy levels, into which a state of given V 2 and Z ^ 0 is split, 
are the same two (degenerate) vibronic levels which were previously discussed in 
connection with Fig, 10. Here the further splitting of some levels into A-^ and A 2 
is neglected. In this approximation eq. (I, 61) gives for a given v a splitting into 
v + 1 equidistant energy levels of spacing 4Z)co2. 

When the coupling constant D is not very small compared to 1, the energy 
levels can no longer be represented by an exphcit formula. Rather elaborate 
numerical calculations are necessary. Longuet-Higgins, Opik, Pryce and Sack 
(769) and Moffitt and Thorson (871) have given tables of these energy values for a 
number of D values®. In Fig. 22 the energy levels are plotted for three D values, 

® Longuet-Higgins et al. use = 2D as parameter. 
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0 . 1 , 0.5 and 2.5. For D = 0.1, as can be seen, the levels can still be represented at 
least approximately by the formula (1, 61) ; for a given v they are nearly equidistant. 
For higher D values eq. (I, 61) is not even approximately valid. For these cases 
the quantum number I of the vibration, because of the coupling of vibration and 
electronic motion, is no longer a good quantum number. Instead, a new quantum 
number j has been introduced ® by Longuet-Higgins et aL which takes the values 
f + I (or Z + J) and which distinguishes the different levels of a given v 
(but with the proviso that A^ and A 2 stiU coincide in this approximation). For 
point group Dg;^ or Cgy, the levels with j = , a>Te E, those with 

j — I j I , ¥5 • • • a^re Ai, A 2 ^ The relation between the j and I values is indicated 
in Fig. 21. 

In Fig. 23 the lowest vibronic levels are shown in their relation to the potential 
functions for the same D values as in Fig. 22. For Z> = 0.1 and 0.5 aU energy 
levels he above the central hump, for D — 2.5 eight levels he below it. 

For large Jahn-Teller coupling, that is, for a very deep moat, the three (or 
more) potential minima similar to Fig. 17b would be expected to be very pro- 
nounced. But, neglecting them, Longuet-Higgins, Opik, Pryce and Sack (769) 
have obtained a very simple formula for the energy levels which may be VTitten 

(7(t^,j) = a)(w + i) + ^tj2, (1^62) 


Here the energy is referred to the bottom of the trough as zero; oj is the frequency 
and u the quantum number of radial vibrations while 


= ‘1 

STT^c/xr^ 


(I, 63) 


where p, is the reduced mass and r the distance of the minimum from the symmetry 
axis of the potential surface. In other words, the vibronic energy is the sum of the 
vibrational energy of an oscillator vibrating radially toward and away from the 
symmetrical configuration and of a (two-dimensional) rotator moving in the 
potential trough around the symmetry axis. The latter motion corresponds, of 
course, in the case of an Xg molecule to the circular motion of each X nucleus (see 
Fig. 19). The angular momentum of this motion for the assumed large Jahn-Teller 
coupling is j{h I 27 t) (see below). 

No detailed calculations of the effect of the three potential minima (Fig. 17b) 
on the energy levels have yet been made. If the minima are very deep, we have in 
effect a non- symmetrical molecule, and regular vibrational levels are again obtained. 
The molecule can be treated without considering the Jahn-Teller theorem. But 
for an intermediate case, there wiU be, in addition to a splitting of the Ai, A 2 
degeneracy, further apparently irregular shifts of the vibronic E levels compared 
to those in Fig. 22. 

For linear molecules, as we have seen, the vibronic levels can be assigned, at 
least approximately, to one or the other branch of the potential function. This is 
not possible for non-linear molecules because the two potential functions are much 

® Moffitt and Thorson (871) have instead introduced A = 2j, 
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more closely connected: classically, starting from a point on the upper (inner) cone 
(see Fig. 16) the image point must necessarily cross the vertex to the lower cone, i.e., 
to the other surface. This interconnectedness is the intrinsic reason for the 
greater complication of the vibronic levels. 

It should be noted that Renner-Teller type interactions {produced by even- 
powered terms in the potential function) can also occur in non-linear molecules. They 
represent the effects of the potential minima referred to above as well as the effects 
of degenerate normal coordinates that do not cause Jahn-Teller instability [see, e.g,, 
Hougen (577)]. On the other hand, Jahn-Teller interactions (involving odd-powered 
terms in the potential function) cannot occur in linear molecules. 

Correlation of vibronic levels. It is instructive to consider how the 
vibronic levels for smaU Jahn-Teller interaction are correlated with those for very 
large interaction when the off-axis potential minima are fairly deep. It is also 
instructive to compare this correlation with the corresponding one for a non- 
degenerate electronic state. This comparison is made in Fig. 24a and b for a 
degenerate bending vibration, say vj,, of a molecule in a non- degenerate and 
a degenerate electronic state respectively. At the extreme left of each diagram the 
vibronic levels are shown for zero or small Jahn-Teller interaction; at the extreme 
right they are shown for a corresponding molecule of symmetry We assume 
from left to right a gradual deformation of the potential function from one of Cgy 
to one of Cs symmetry brought about by a hypothetical deformation of the 
electronic orbitals (Fig. 24a) or by increasing vibronic interaction (Fig. 24b). If 
the potential minimum for the conformation is sufficiently deep, the vibrational 
levels result from the excitation of the two bending vibrations, and which 
correspond to the single degenerate bending vibration of the symmetric conforma- 
tion. The positions of these levels are given in a first approximation (neglecting 
anharmonicity) by 

The levels have the species A' ox A" depending on whether the antisymmetric one 
of the two vibrations, say , is excited by an even or odd number of quanta. Since 
there are necessarily three identical minima each level is reaUy triply degenerate. 
This degeneracy, which is usually disregarded for rigid molecules, cannot be 
neglected when the correlation to the symmetrical case is to be considered. 

The levels at the left in Fig. 24a are given by (see eq. I, 43) 

T = Tg + 4- 1) + 

while those at the left in Fig. 24b are given by eq. (I, 61). If the coupling con- 
ditions are gradually changed so that the three potential minima are less and less 
deep each of the triply degenerate levels at the right will split into a doubly 
degenerate and a non- degenerate level. The latter will be ox A 2 depending on 
whether without splitting the level is A' or A'’ . The reason for this particular 
splitting will become clear in Chapter III; it is similar to the splitting of torsional 
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Eig. 24. Correlation of the vibronic levels of a degenerate bending vibration of a 
molecule with those of the corresponding two non -degenerate bending vibrations 
of a deformed molecule of symmetry (a) For a non- degenerate electronic state of 
the molecule; (6) for a degenerate electronic state of the Cgy molecule: transition 
from small to very large Jahn-Teller interaction. At the extreme right the levels are 
designated according to symmetry, assuming only one potential minimum. The splitting 
produced by the existence of two other identical minima is shown in the second column of 
levels from the right. 
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levels in an ethane-type molecule (see Vol. II, pp. 225 and 495). The correlation 
from left to right in Fig. 24 has now simply to be made so that levels of the same 
species are connected without intersections. In consequence, a doubly degenerate 
level remains doubly degenerate for any intermediate coupling condition and 
similarly a non-degenerate level remains non-degenerate. 

The degeneracies at left are normally said to be vibrational (Fig. 24a) or 
vibronic (Fig. 24b) in character. In both cases they are due to the presence of a 
three-fold axis of symmetry of a “rigid” molecule. At the right in both Figs. 24a 
and b the degeneracies are normally said to be due to the presence of three identical 
potential minima and the resulting permutation symmetry. Since the point group 

used at left is a sub-group of the permutation-inversion group that must be 
used at the right when all three potential minima are considered, there is no 
splitting of the degeneracy of any vibronic level in going from a symmetrical 
equilibrium conformation to an unsymmetrical one of the same molecule (and the 
same applies to molecules of other point groups with degenerate species). On the 
contrary, as shown by Fig. 24 it is the levels of the unsymmetrical molecule that 
spht as one changes to a more symmetrical arrangement (such a change is of course 
possible only if there is permutation symmetry in the unsymmetrical conformation). 
For example in both Figs. 24a and b the lowest level = 0, = 0) at right 

splits and goes over into the = 0 level and one of the = 1 levels at left. 

A splitting of the electronic degeneracy does occur when the electronic motion 
is considered in the field of the fixed nuclei as indicated by the splitting of the 
potential function (static Jahn-TeUer effect, see Fig. 16). But when vibration is 
included and vibronic levels are considered no degeneracies are split upon lowering 
the symmetry of the equilibrium conformation [see also Watson (1278b)]. 

It must be emphasized that the actual positions of the energy levels in an 
intermediate case of Jahn-Teller interaction cannot be obtained by simple inter- 
polation between the extreme cases as assumed in Fig. 24b. The actual energy of 
each of the vibronic levels goes through a number of strong oscillations similar to 
those of the energy curves of the K ^ Q vibronic levels of a IT electronic state of a 
linear molecule (see Fig. 5). 

As can be seen from Fig. 24 the main difference between the correlation of 
vibronic levels for a non- degenerate and the correlation for a degenerate electronic 
state is that in the latter case there are twice as many levels to be correlated. 
This may not be obvious in the right part of the diagram, but there is actually a 
second electronic state which corresponds to the inner conical part of the potential 
surface in Fig. 16. Since by assumption at the right the potential minima are 
very deep the upper electronic state lies very high and is not shown. 

Strictly speaking there is an additional doubling of all levels in Fig. 24 on 
account of the possibility of inversion. Only for NHg type molecules does this 
lead to an observable doubling. If on the Cg axis there were two identical atoms 
as in methyl cyanide (CHgCN) a further doubling would arise but is in all con- 
ceivable cases entirely negligible because this permutation is not a “feasible” 
operation (see p. 5). 
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Vibronic eigenfunctions. Just as for degenerate electronic states of linear 
molecules when Renner-Teller interaction is not negligible so here for non- 
negligible Jahn-Teller interaction the eigenfunction of the system can no longer be 
expressed as a simple product of an electronic and a vibrational function. Rather, 




Fig. 25. Forms of electronic eigenfunctions in a degenerate electronic state (JE) of 
an Xg molecule of symmetry as adapted to the two components Q^a and Q2& 
the degenerate vibration. Hatching and cross-hatching indicate regions of positive and 
negative The exact shape and position of the nodal surfaces except in the first diagram is 
not determined by symmetry. 

the two components of the electronic function and the two components of the 
vibrational function are intimately mixed: according to Mofhtt and Lichr (869), 
Longuet-Higgins (766), and others, the vibronic wave function can be written in a 
good approximation as 

^ = X2a{Q)^eaiT Q) + X2b(Q) ^ebiT Q)’ 

Here i/rga and are the two electronic eigenfunctions that are degenerate in the 
symmetrical conformation; they depend on the nuclear coordinates Q as param- 
eters and on the electronic coordinates q; X 2 a and X 2 b are the two components of 
the vibrational eigenfunction which depend on Q only. In the undisplaced 
position (all Q = 0), i/fga and are two functions with two mutually perpendicular 
nodal surfaces through the axis of symmetry. In the displaced position of each 
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of the degenerate normal coordinates, the positions of the nodal surfaces are 
adapted to the nuclear displacements as shown schematically in Fig. 25 for an Xg 
molecule. 

An important property of the electronic components ijjea and is that upon 
rotation of the displacement vector Q by tt, ifj^a goes into and goes into 
— ipeA a result, for a full rotation by 27r (i.e., going once around the ‘‘moat”) 
both i/jea and go over into their negatives [Longuet-Higgins (766)]. Therefore, 
in order that the total eigenfunction iff of equation (I, 64) be single-valued, as of 
course it must be, the vibrational factors X 2 cLiQ) and X 2 biQ) raust also change sign 
for such a rotation. This will be the case if the complex conjugate form of these 
vibrational functions X 2 a±^X 2 b the factor with half-integral j. This 
quantum number J represents for small vibronic interaction an angular momentum 
(see below). One finds that j — I ± I*. The vibrational part of the vibronic 
eigenfunction is different from a simple two-dimensional oscillator function 
characterized by v and I since it depends on the quantum number j w'hich, in a 
sense, replaces 1. It is the mixing of levels with the same j (connected by oblique 
lines in Fig. 21) that produces the differences from the energ}’ levels of a two- 
dimensional oscillator. For a more detailed discussion of the vibronic eigen- 
functions we refer to Longuet-Higgins (766) and Child and Longuet-Higgins (194). 

It should be emphasized again that in all detailed treatments published so 
far, the potential minima at the bottom of the moat which must surely be present 
have been neglected in order to make the calculations possible. Neither wave 
functions nor energy levels for the case with minima have as yet been evaluated. 

Vibronic angular momentum. We have seen previously that, when we 
consider the electronic motion in a polyatomic molecule independent of vibration 
and rotation (fixed center system), in a degenerate electronic state there will be in 
general an electronic angular momentum, ^g(A/27r), about the symmetry axis where 
Jfi is usually not integral. 

In the free molecule, of course, the total angular momentum about the 
symmetry axis must be integral [ii(A/27T)], that is, there is always a certain amount 
of rotational angular momentum to compensate for the non-integral magnitude of 
the electronic angular momentum. (In a hnear molecule where rotation about the 
symmetry axis is impossible, the electronic (orbital) angular momentum must be 
integral, viz., A(^/27r).) The excitation of non-degenerate vibrations has no effect 
on the angular momentum about the symmetry axis, but when degenerate 
vibrations are excited, they contribute a vibrational angular momentum about the 
symmetry axis. As we have seen in Vol. II, p. 405, the vibrational angular 
momentum when a degenerate vibration is singly excited is 

(i.e« 

where the Coriolis parameter is a number between — 1 and + 1 which in principle 
can be calculated from the potential constants of the molecule [see, e.g., Nielsen 
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(936)]. If several (doubly) degenerate vibrations are multiply excited, the 
vibrational angular momentum is 

( 1 . 66 ) 

In a first approximation, for very small vibrational- electronic interaction the 
total internal angular momentum about the symmetry axis is the sum or difference 
of electronic and vibrational angular momentum 

\lt\ = \^e±a (1.67) 

However, when vibronic coupling is no longer very small, there is, as we have seen, 
a mixing of the vibrational and electronic wave functions, and as a consequence, 
the total internal angular momentum is no longer given by such a simple expression. 
Child and Longuet-Higgins (194) have shown that for an Xg molecule the total 
internal angular momentum (vibronic angular momentum) is given by*^ 

l^tl - \ae iU)d - K 2 I (1,68) 

Here I 2 refers to the only doubly degenerate vibration vg of Xg, and d is a, “ quench- 
ing parameter” which varies from + 1 to 0 as one goes from very weak to very 
strong coupling. It is positive when j = Z + | and negative when j = ? — 

In the limit of very small coupling, the expression (I, 68) gives the same 
answer as (I, 67): 


for ^2 = 0, 2 = 0, j = i, d: = -f 1: L 

for^;2 = l, ^ = = -I: - ^2 

y = f , df = + 1 : Ct = ■“ Ce + ^2 

iorv2 = 2,l = 2,j = ld= --1: 

j = j, d = -^1: + 2^2 

= + 1 : 


Here the correct signs for the values have been included as derived from the 
general discussion of Mills (855). We shall not go through the rather involved 
reasoning that leads to these signs even though the correct choice of signs is very 
important for an understanding of the band structure of transitions to or from 
levels with # 0 [see Chapter II, section 3(b)]. 

When the coupling is not very small, considerable deviations from the simple 
values above occur. According to Child (193) when I) < 0.005 the quenching 
parameter is given by 

d = I ^ 4(t>2 + l)I> for j = Z + 4, 

and 

d = — 1 + 4(z? 2 4"1)I^ for j = I ^ 

Tor larger values of D, Child (191) has given tables of d for j = J and f. Even 

Here for the sake of consistency with the choice of sign of of Boyd and Longuet— Higgins 
(132) the sign of {2 is the opposite of that used by Child and Longuet-Higgins (194). Personal 
discussion with Longuet-Higgins has confirmed the need for this change. 
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when D is as small as 0.125 the d values in the above example are 0.663, —0.213, 
0.535, 0.046, and —0.005 leading to substantial changes of the values. 

For very strong coupling, the electronic angular momentum is completely 
quenched [d 0), and the resulting angular momentum is, according to (I, 68), 
given by 

(1=69) 

that is, in the lowest vibrational level it is instead of However, the formulae 
(I, 68) and (I, 69) neglect the minima in the potential trough (see Fig. 17). This is 
clearly not a good approximation when the coupling is strong®. While no detailed 
calculations have yet been made for the trough with minima, one may expect that 
in such a case both the electronic and the vibrational angular momenta will be 
quenched. 

Vibronic angular momenta for axial molecules with more than one degenerate 
vibration causing Jahn-Teller instability and for molecules of the cubic point 
groups have not yet been discussed in detail. 

The vibronic angular momentum f has no direct effect on the vibronic energy 
levels. It does, however, greatly affect the rotational energy levels as will be 
discussed in section 3 of this chapter. It also determines the Zeeman splittings 
in a magnetic field. 

(d) Vibronic interactions of different electronic states. 

General remarks. In the two preceding sub-sections (b) and (c), we have 
seen that the simple product representation (I, 27) of the molecular wave function 
breaks down when two electronic states have the same energy, i.e., are degenerate 
with each other. The two electronic eigenfunctions are then thoroughly mixed 
with the vibrational eigenfunctions. A partial mixing may also arise when the 
two (or more) electronic states are well separated from each other. We must now 
briefly consider the conditions for such a mixing and its consequences. 

Interaction of electronic states of the same species. All calculated 
electronic states of the same species mutually interact since there are always some 
terms in the wave equation for the electronic motion which are neglected in a first 
or higher approximation and which when introduced would lead to a slight mixing 
of states of the same species. The resultant shifts of the electronic energy levels 
or changes of the potential function are not always easy to establish unless the 
first approximation on which the unperturbed energy levels are based is a very 
rough one, or unless one has a Eydberg series of electronic states in which it is easy 
to estabhsh a deviation from the Eydberg formula produced by the presence of 
another state of the same species but not belonging to the series (just as in atomic 
spectra; see ref. (21), p. 170). Interaction between non- Eydberg states of the 
same species is of great importance for an understanding of valence and the 

not available. 

® Note, for example, that an J-i, A 2 pair (for example, the i = f levels) is degenerate 
only when the depths of the minima are zero. 
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stability of electronic states (see Chap. III). It has, however, little effect on 
electronic transitions except on their over-all intensities. The preceding con- 
siderations also apply to multiplet states with a given orbital species when spin- 
orbit interaction is small, or to individual multiplet components of the same species 
of the spin-orbit function when spin-orbit interaction is large. 

Interaction of electronic states of different species. In a polyatomic 
molecule, unlike a diatomic molecule, a mixing (interaction) of electronic states of 
different species can be brought about by the interaction of vibration and electronic 
motion. This is because it is now the vibronic species that must be the same if the 
two states are to interact with each other. Identity of the vibronic species is 
possible for suitable vibrational levels of the two electronic states of different 
species. In such cases one expects to find shifts of the vibrational levels of each 
of the two electronic states from their “normal” position in the sense of a mutual 
“ repulsion ” : one has vibronic perturbations. The magnitude of these perturbations 
depends inversely on the separation of the unperturbed levels. At the same time 
each of the vibronic states which perturb each other assumes properties of the 
other electronic state, and this leads to the occurrence of forbidden transitions (see 
Chap. II). 

The reason for the occurrence of vibrational perturbations between electronic 
states of different species may also be stated in the following way: when the nuclei 
are in a displaced position of a non-totally symmetric vibration the molecule has 
lower symmetry than in the equilibrium position; electronic states that have 
different species in the equilibrium position may have the same species in the point 
group of lower symmetry of the displaced position and may therefore perturb each 
other. We obtain therefore a mutual distortion of the potential functions of the two 
electronic states; but unlike the interaction of two electronic states of the same 
species, here the distortion is not a general one but occurs only as a function of 
certain normal coordinates. One may consider it as a consequence of these 
distortions of the potential functions that certain vibronic levels of the two 
electronic states are shifted (perturbed). The presence of such perturbations is not 
easily established unambiguously since Fermi resonances within each electronic 
state may lead to similar shifts. Indeed, the perturbations here considered are the 
vibronic analogue of Fermi resonances. 

Selection rules for vibronic perturbations. Just as for perturbations 
in diatomic molecules, vibronic perturbations in polyatomic molecules will be 
largest when the two potential surfaces of the two electronic states intersect each 
other (or come very close to each other). For the levels in the neighborhood of the 
region of intersection, the overlap of the eigenfunctions is most favorable and thus 
for these levels the perturbations are likely to be large both for interactions of 
electronic states of the same and of different species. Intersections of potential 
surfaces of states of the same species are in general prohibited for diatomic molecules 
(non-crossing rule, see Vol. I, p. 295), but for polyatomic molecules they can under 
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certain circumstances occur, as was first shown by Teller ( 1197 ) (see also Chap. IV). 
For this reason perturbations between vibrational levels of electronic states of the 
same species are in many ways similar to those between states of different species 
except that for the former even totally symmetric vibrational levels can perturb 
one another. 

While in principle two electronic states of any species can perturb each other 
if suitable vibrations are excited, we shall show below that in general this perturba- 
tion will be very weak unless the following selection rule holds: the species of the 
two electronic states must not differ by more than the species of one of the normal 
vibrations. In other words, the product of the species of a normal vibration and 
that of one of the electronic states must be equal to the species of the other 
electronic state. Consider, for example, a 11 ^ and a Lf electronic state of a linear 
molecule. Only a iTg vibration transforms Lf into Such a vibration does not 
occur in a triatomic linear molecule, but does in more-than-triatomic molecules. 
Therefore, according to the above selection rule, Ilg — perturbations do not 
occur for triatomic linear molecules but do occur for four-atomic linear molecules. 
On the other hand, 11 ^^ — 2 / or 11 ^ — 2 ^ or 11 ^ — 0 ^^ perturbations do occur 
even in linear triatomic molecules. 

In a similar way, one finds for a molecule of point group €2^ that the pairs of 
electronic states A^ — A2, Ai — A^ — B2, A2 — B^, A 2 — B2 and Bi — B2 
may perturb each other strongly if and only if there are normal vibrations of type 
A2, Bi, B2, B2, Bi and A2, respectively. Thus, for a triatomic molecule of point 
group C2V, like H2O, which has only normal vibrations of type Ai and B2, only 
the pairs of states Ai — B2 and ^42 — B^ can perturb each other (in addition to 
pairs of the same species, of course). In this case, since there are no vibrational 
levels of species other than Ai and B2 the selection rule for perturbations is rigorous. 
For a molecule like H2CO, which has normal vibrations of types Ai, B^ and B2, 
all but the pairs A^ — A2 and B^ — B2 can perturb each other. Finally, when, 
as for a molecule like CH2CI2 and others, all four t;>q)es of normal vibrations occur, 
all pairs of electronic states can perturb each other. 

As a third example, let us consider molecules of point group Cq^ which ma^^ 
have electronic states A^, A2 and E. According to the above rule, the pairs of 
states A^ — A2, A ^ — E and A2 ~~ E may perturb each other if there are normal 
vibrations of type A2, B and E, respectively. For a molecule such as CH 3 CI 
which does not have A2 vibrations (but, of course, does have A2 electronic states), 
only the pairs A^ — E and A2 — E can perturb each other in this approximation. 

The proof of the above rule for perturbations is fairly simple [Herzberg and Teller 
( 542 )]. In zero approximation the electronic eigenfunction is considered to be the same 
during the whole vibrational motion; we shall designate it by ijjeiQo) where Qq represents 
the coordinates of the nuclei in the equilibrium position. In a higher approximation we 
have to take account of the dependence of fig on the displacements, that is, we have to 
use il/eiQ) where the coordinates Q vary during the vibration. We can resolve ipeiQ) 
into a series 


>Pe{Q) = 2 “.(«)>AU«o) 


(I, 70 ) 
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where the ^/(Qo) are the different electronic eigenfunctions in the equilibrium position. 
The coefficients ai{Q) are all small except a^iQ), which is the coefficient of the 

zero approximation eigenfunction of the electronic state we are considering. In the 
equilibrium position a^Q) = <^i{Qo) = 1 while all the other ai{Qo) are zero. 

The perturbed field of force in which the electrons move is that of the displaced 
nuclei. This field can be considered as arising from the unperturbed field (corresponding 
to the equilibrium positions of the nuclei) by neutralizing the nuclear charges in the 
equilibrium position by suitable negative charges and adding at the same time equal 
positive charges at the displaced positions, in other words by adding the field of small 
electric dipoles to the original field. There is one such dipole for each of the nuclei, its 
direction being that of the displacement and its magnitude being equal to the product 
of the displacement and the nuclear charge (or the effective nuclear charge). If the 
perturbation energy produced by these dipoles is Hj{Q), then according to standard 
perturbation theory, in first approximation, the coefficients ai(Q) are given by 


«i(S) = J 


EAQo) - -EiWo) 


dre 


(I, 71) 


where EAQq) and E^{Qq) are the energy values in the equilibrium position of the two 
electronic states 1 and i. 

The perturbation energy Hj is in a first approximation a linear function of the 
displacements and has the symmetry of these displacements. Therefore Hj can be 
resolved into a sum of terms, each of which depends linearly on only one normal 
coordinate, • • • "tiis-t is, 

h + •••• (I»72) 


Therefore the expression for a^iQ) will be equal to a sum of integrals corresponding to 
the different normal coordinates. In order that a term corresponding to a particular 
normal coordinate in this sum be different from zero, the integrand must be invariant 
under all symmetry operations. Therefore the sum, that is ^((Q), is different from 
zero only if there is at least one normal coordinate which by multiplication with 
^e^{Qo)4’liQo) gives a totally symmetric product, or in other words if there is at least 
one normal coordinate whose species when multiplied with that of i/j/ gives the species 
of This is the above rule. 

Since E^Qo) ~~ I^AQo) appears in the denominator of eq. (I, 71), it is clear that 
the perturbation is stronger the closer the two electronic states ai’©. A rough 
estimate shows that the perturbation may be considerable if the separation of the two 
electronic states is less than I eV. 

A detailed theoretical treatment of vibronic coupling between two electronic states 
has recently been given by Fulton and Gouterman. (402). 


3. Rotational Structure of Electronic States; Coupling of Rotation with 
Vibration and Electronic Motion 

In a first approximation the rotation in each electronic state of a polyatomic 
molecule can be considered independent of vibration and electronic motion, that is, 
can be dealt with in the same way as has been done for the ground electronic state 
in the discussion of pure rotation spectra in Chapter I of Volume II. However, in 
polyatomic even more than in diatomic molecules, the interactions of rotation with 
vibration and electronic motion are very important and may produce drastic 
changes of the rotational levels (here sometimes called ro vibronic levels) . These 
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effects are very different in linear, symmetric top and asymmetric top molecules. 
We shall consider separately each group of molecules. 

(a) Linear molecules 

Rotational levels in electronic states- The simplest case is that of 
the rotational levels in electronic states of linear molecules. Here the inter- 
action of rotation and electronic motion can for most purposes be entirely neglected. 
We have for a vibrational level [v] = Vi^ V 2 , • ^ the rotational term values (in cm” 

+ 1) - + 1)^ + • • • (I, 73) 

where J is the quantum number of the total angular momentum and is the 
rotational constant given by 

i 

The summation is over all normal vibrations; 
for doubly degenerate vibrations. The constants 
represent the interaction of rotation and vibration, 
constant dej&ned by 

7? ^ 

~ Stt^cIs^ 

where 1 5 ® is the equilibrium moment of inertia, 

1 / = 2 (I. 76) 

and is the distance of the nucleus i from the center of mass. Equation (I, 73) 
may have to be very slightly modified if there is strong Z-uncoupling as may happen 
especially for Rydberg states. In (I, 76) one can use in most cases for the 
atomic masses. In this way the contributions of the electrons to the moment of 
inertia are partially taken into account. 

The rotational constant represents the effect of centrifugal stretching. 
It is almost always less than 10"®R[u] and can often be neglected except for very 
precise evaluations. One has, similar to (I, 74) 

= + + (I>77) 

The jSi are small compared to and can almost always be disregarded in poly- 
atomic molecules. 

When one or more degenerate (bending) vibrations are singly or multiply ' 
excited, degenerate vibrational levels arise of species 11, A, . . . aU of which are 
doubly degenerate. The molecule is then really a symmetric top and the energy 
levels are given by 

F^J) = + 1) - Z"] + -■■■ (I, 78) 

where I is the quantum number of the resultant vibrational angular momentum 


= 1 for non-degenerate, di = 2 
«£ are small compared to B and 
Bq is the equilibrium rotational 

(1.75) 
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about the intemuclear axis. For most purposes (I, 78) can be replaced by (I, 73) 
since I is fixed for a given vibrational level and therefore can be 

taken into the vibrational formula. But now each rotational level is doubly 
degenerate. The interaction of rotation and vibration removes this degeneracy 
and leads to l4ype doubling. The magnitude of the splitting for fl vibrational 
levels is given in a first approximation by 

Av - qJ{J + 1). (I, 79) 

For a symmetrical triatomic molecule 

2 / A,,. 2 \ 

^2 = — 1 + - " ""2 K + 1). (I, 80) 

a>2 \ <^3 - ^2 J 

For an unsymmetrical linear triatomic molecule, or for more- than- triatomic 
molecules, one finds [Nielsen (936)] 



where is the frequency of the bending vibration considered, that of a stretch- 
ing vibration that can have Coriolis interaction with and a Coriolis coefficient 
that depends in a fairly complicated way on the masses and potential constants ^ 

Another way of stating the result of Z-type doubling is to say that the B 
values of the two component levels are smaller and larger by \q than that of the 
‘‘original” 11 vibrational level. The Z-type doubling constant is closely related 
to oLi in (I, 74) for the same vibration: aj differs from q^ only by an additive term 
due to anharmonicity (see Vol. II, p. 376). In a higher approximation, terms in 
J^(J + 1)^ have to be added to (I, 79) and terms dependent on ^J 3 and have to 
be included in (I, 80). 

For A vibrational levels the Z-type doubling is in a first approximation given 
by [Nielsen (936)] 

Ai. == qJ\J -f- 1)2 (1, 82) 

where q/^ is very much smaller than q for fl vibrational levels. It is in general of 
the order of, but usually smaller than, the rotational constant D, The presence of 
Z-type doubling in a A vibrational level therefore means that the two components 
have different effective D values but the same B value. 

The symmetry properties of the rotational levels are the same as those discussed 
in Volume II for infrared and Raman spectra. We have positive ( + ) and negative 
( — ) rotational levels, depending on whether the total eigenfunction remains un- 
changed or changes sign upon inversion. For symmetrical linear molecules we 
have, in addition, symmetric ( 5 ) and antisymmetric (a) rotational levels depending on 
whether the eigenfunction remains unchanged or changes sign upon exchange of 
the nuclei on one side of the center with those on the other. 

In Fig. 26 the rotational levels of S'*", E” and 11 vibrational levels of a singlet 

® Note that Nielsen’s g is ^ of our q. 
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electronic state are represented including their symmetry properties. In 11 
vibrational levels, and similarly in A, tl), . . . levels, there is a positive and a negative 
rotational level for each J value; these are split by Z-t3rpe doubling in such a way 
that alternately the upper and the lower component is -f . If the fl level corre- 
sponds to single excitation of a bending vibration in a electronic state, the 


j j j 



Fig. 26. Symmetry properties of rotational levels of S + , S' and n vibronic levels 
of a singlet electronic state of a linear (Ccou) molecule. The desi<2nations in brackets 
refer to a symmetric linear molecule assuming “even” {g) vibronic l(‘\(‘ls. i-’or “odd” 
vibronic levels s and a have to be exchanged throughout. 

Upper components of the levels with even J are — , those with odd J are + , 
while in all" electronic state the reverse order applies. ForSg, njj,Ag, . . . vibronic 
levels of symmetrical molecules, that is, for levels whose vibrational-electronic 
eigenfunction remains unchanged upon reflection at the center, the ''positive” 
levels are symmetric, the "negative” antisymmetric (see the symbols in brackets in 
Fig. 26), and the converse is the case for n„, A^, . . . vibronic levels. The 
ratio of the statistical weights of symmetric and antisymmetric levels is determined 
by the ratio of the two expressions (I, 9) and (I, 8) of Volume II. (It is (J + 1)// 
if there is only one nucleus with non-zero spin (I) on each side of the center of 
symmetry and if this nucleus follows Bose statistics.) 

Rotational perturbations may arise just as for diatomic molecules if two 
vibrational levels of two different electronic states have nearly the same energy, 
and if at the same time the rotational term curves intersect or come very close 
together (see Vol. I, p. 284, Fig. 135). But for polyatomic molecules perturbations 
can also arise between different vibrational levels of the same electronic state. 
In both cases the two mutually interacting vibrational levels must either have the 
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same vibronic species (i.e., the same I value and for ^ = 0 must both be or 
both E“), or can differ in I only by one. 

The first kind of perturbations (Al = 0), also referred to as homogeneous 
perturbations, is simply a special case of vibrational perturbations of the Fermi 
resonance type. The rotational energy aids in making the resonance very close, 
and therefore even when the matrix element of the perturbation function is very 
small, an appreciable perturbation can arise. The usual selection rules for 
perturbations, AJ Q and + <-{->-, must, of course, also be fulfilled. The second 
kind of rotational perturbations (AZ = ±1), also referred to as heterogeneous 
perturbations, is made possible solely by the Coriolis forces which arise on account 
of the rotation. This kind of perturbation increases with J. The same Coriolis 
forces are also at least partly responsible for Z-type doubling. 

Rotational levels in . . . electronic states. In ^IT, ^A, ... 

electronic states there is an electronic orbital angular momentum A (see p. 12) 
and therefore an electronic double degeneracy. This degeneracy is split when the 
molecule rotates, in exactly the same way and for the same reasons as A-type 
doubling in diatomic molecules (see Vol. I, p. 226). For U electronic states, the A 
doubling is again given by (I, 79), but the splitting constant q is now approximately 
given by 



where is the separation to the nearest electronic state of appropriate symmetry 
(S or S ~ ). Since Vg is usually much larger than Wi, it is seen, by comparison with 
(I, 80), that gg is in general much smaller than q for Z-type doubling. 

If now a bending vibration is excited, we have, in addition to A, a vibrational 
angular momentum I about the internuclear axis, and the two angular momenta 
interact strongly and form a resultant K (Renner-Teller interaction, see p. 25f). 
Similar to (I, 78), the rotational energy is now given by 

== + 1) - K^] - + 1) - (I, 84) 

Again for most purposes the terms in K^, since they are constant in a given vibronic 
state, can be taken into the vibrational energy formula, and one can use, as for 
states, eq. (I, 73) except that here the smallest value of J is K and that each level 
with E' 7 ^: 0 is doubly degenerate. 

The double degeneracy of states with K ^ 0 is split by the interaction of 
rotation and electronic motion as well as by that of rotation and vibration. This 
splitting may be designated K4ype doubling. The magnitude of the splitting is 
again proportional to J [J + 1) for 11 vibronic states, to J^(J + 1)^ for A vibronic 
states, etc, Johns (633) has studied this effect in more detail for the fl vibronic 
states of an electronic 11 state and has shown that in a fiirst approximation for 


■“ i^e i 
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where the + sign applies to the upper of the two H states that arise for a given V 2 , 
the — sign to the lower. 

It should perhaps he emphasized that because of the strong interaction of 
A and I, we never see an Z-type doubling superposed on a A-type doubling. The 
electronic degeneracy is split by the much stronger interaction with vibration 
whenever I ^ 0 (Renner-Teller interaction), and we have to deal with separate 
vibronic states (of different K) rather than components of an (electronic) A doublet 
on which the coupling of I with rotation acts. 

The symmetry properties (-f , ~,s,a) of the rotational levels of 2^, 2", IT, 
A, . . . vibronic levels of ^11, ^A, . . . electronic states are entirely similar to those of 
the corresponding vibronic levels of ^2 electronic states (see Fig. 26). 

Rotational levels in and ^2 electronic states. When the electronic 
orbital angular momentum A about the internuclear axis is zero (2 states) the 
electron spin is coupled to the rotation of the molecule (Hund’s case (b), see Vol. I, 
p. 221). Since this coupling is very weak the rotational energy is, in a first 
approximation, given by 

FU^) = B,,,N{N + 1) - D,,,N\N + 1)^ (I, 85) 

where N is the quantum number of the total angular momentum apart from spirA^. 

If the coupling of the spin with the rotation is introduced one obtains just as 
for diatomic molecules for the two component levels of a ^2 state (neglecting the 
centrifugal stretching term) 

F,(N) = B,,,N(N + 1) + 

F^{N) = Bi,,N(N + 1 ) - + 1 ). 

Here and Fg refer to the components with J = N \ and J = N — ^ 
respectively, which coincide for negligible coupling. The splitting is given by 
y[v](F -f i). The splitting constant y is usually very small compared to B, and 
often the splitting even for large N values is too small to be resolved. 

For ^2 states each rotational level except the one with A = 0 is split into 
three component levels F^, F 2 and F^ corresponding to J = N I, N, N — 1, 
respectively. The formulae for the levels are somewhat more complicated than 
for ^2 states because of the presence of spin- spin interaction in addition to 
spin- rotation interaction. According to Schlapp (1103) one has 

F,(N) = B,,,N{N + 1) + (2N + - A 

- V{2N + + A2 - 2AB„ + y(-N' + 1) 

F,(N) = B:,,N(N +1) (I, 87) 

F,{N) = B,,:NiN + 1) - i2N - - A 

+ V(2N - _ 2AB„ - yN 

Note that since the publication of Volume I by international agreement the designation 
of the quantum number of the total angular momentum apart from spin has been changed 
from K to N (see Mulliken (912)). 
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Fig. 27. Rotational energy levels and their quantum numbers and symmetry 
properties in 2 ^^ 3^, an, vibronic levels in ^2 and ^2 electronic states of 

linear (C^v) molecules. The same diagrams apply to electronic states other than or 
as long as spin-orbit interaction is weak [Hund’s case (b)]. The designations in brackets refer 
to a symmetric linear molecule assuming “even” {g) vibronic levels. For “odd” 

vibronic levels a and a have to be exchanged throughout. 
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where A and y are constants characterizing the spin-spin and spin-rotation coupling 
(see Vol. I, p. 223). Eefinements of Schlapp’s formulae have been given by Miller 
and Townes (849) and Tinkham and Strandberg (1221). 

Strictly speaking, the formulae just given apply only to and ^2 vibronic 
levels of electronic and states. If degenerate vibrations are excited, we 
have, in addition, ^11, ^A, . . ®A, . . . vibronic levels. However, for these 
vibronic levels K ~ I, that is, K is entirely due to the vibrational angular momen- 
tum. Unlike A, the vibrational angular momentum I does not produce a large 
magnetic moment in the internuclear axis; rather, the magnetic moment produced 
by I is of the same order as that produced by N, Therefore, at least for large N, 
the spin remains coupled to the over-aU rotation just as in .. . vibronic 

states. Hund’s case (b) apphes to all these vibronic levels. Thus, rotational 
energy formulae for ^11, and ^A, vibronic levels are the same as for ^2, ®2 
except that N{N -f 1) has to be replaced hy N(N + 1) — P and that N > L 
Therefore, the formulae (I, 86) and (I, 87) can be used if the constant term 
is incorporated in the vibrational term values. A more detailed theoretical 
consideration of this case has not yet been given. 

The two or three component levels for a given N have the same symmetry 
properties (-f-, s, a). The dependence of these symmetry properties on N is 
the same as that on J for the corresponding singlet states. Figure 27 shows 
rotational energy level diagrams for a few examples of vibronic levels of ^2 and ^2 
electronic states (compare the discussion of case (b) states in Vol. I, p. 239). 

Rotational levels in ^11 electronic states. In 11 electronic states there is 
always a magnetic moment along the internuclear axis produced by the electronic 
orbital angular momentum A. Therefore, at least for suihciently small rotation, 
the spin is coupled to the axis [Hund’s case (a)]. Uncoupling arises for higher 
rotational levels. As long as no degenerate vibrations are excited, the rotational 
levels are, for any degree of uncoupling, given by the same formulae which were 
derived by Hill and Van Vleck for diatomic molecules, namely, 

FiiJ) = 4- if ^ A2 - iV4(J + i-)2 -f 7(7 - 4)A2] 

= BUiJ + if - A2 + JV4(J + -1)2 + 7(7 - 4)A2], ^ ’ 

where 7 = A is the coupling constant in the spin-orbit coupling term 

AL ‘ S of the Hamiltonian. In the present case A = 1. Fi[J) is the term series 
that for large rotation [case (b)] forms the levels with J = A -f while F 2 {J) 

forms those with / = iV - I-, corresponding for a regular state (positive A) to 

^lli and ^Hf, respectively, but corresponding for an inverted state (negative A) 
to and respectively. It is readily seen that the separation of the 
first level J = ^ of from the first level J = f of ^rii- is very nearly A. For 
large |A| the formulae (I, 88) can be approximated in the way indicated in eqs. 
(V, 29) and (V, 30) of volume I (p. 233). 

In the formulae (I, 88) the effects of centrifugal stretching and of A-type 
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doubling are neglected. The former can be taken care of by the addition of a term 

-mj ~ w + + 1) + 1] 

to both equations [Almy and Horsfall (66), Dixon (281)]. The latter can be taken 
into account by the addition of a small term which is different for the two A 
doubling components. Unlike the case of a ^fl state (see p. 72) one finds when \A\ 
is large [Hand’s case (a)] for 

9^1 == ±ip(J + i) (1,89) 

and for ^ Ilf 

Ti = ±¥{J - W + W + i) ^ + if (1, 90) 

where s ^ pIY^, that is, in general s « p. Except for small |A| only the doubling 
of ^rif is resolved. If it is, it establishes immediately which of the observed spin- 
doublet components is and which 

As an illustration of spin doubling, in Fig. 28 the rotational energy levels in 
the ground state of NCO are plotted (a) as a function of J, and (b) as a function 
of N after subtraction of the purely rotational terms BqJ (J + 1) and BqN{N •+■!), 
respectively. 

If degenerate vibrations are excited, for each set of vibrational ({uantum 
numbers, in general, several vibronic levels arise, as discussed in section 2 (see 
particularly Fig. 2 and 6), The splitting between these levels ( Ren riei” Teller 
splitting) is effected by spin-orbit coupling in the way previously described (p. 34f). 


F[J) F[N) 



Fig. 28. Spin doubling in the ground state of NCO (a) as a function of (6) as a 
function Of N. The purely rotational part of the energy, BJiJ + 1) and BNiN + 1) respec- 
tively, has been subtracted. • 



ROTATIONAL STRUGTURM OF ELECTRONIC STATES 


77 


I, 3 


As we have seen, the resultant vibronic levels are determined by the parameters 
A and e and the vibrational quantum number according to eq. (I, 47). We must 
now consider the rotational levels in such a case. Hougen (568) has discussed in 
detail the effect of the vibronic coupling qn the rotational levels of a ^IT electronic 
state of a triatomic molecule. 

We consider first Hougen’s results for the and vibronic states which 
arise for odd values of V 2 (see Fig. 8). Here the effect of the interaction of rotation 
and vibronic motion is particularly pronounced since for these levels K — 0, even 
though A = 1 . The electronic orbital angular momentum (A = 1 ) by itself would 
cause a large spin splitting as it actually does for Vg = 0 but, because for S vibronic 
states it is compensated by the vibrational angular momentum (FT = A — Z = 0), 
no sphtting can arise for zero rotation. However, with increasing rotation the 
strong coupling of the electronic orbital angular momentum L to the linear axis 
breaks down slightly allowing a component to develop in the direction of the axis 
of rotation, and thus producing a much stronger than normal coupling of the spin 
to the axis of rotation. Hougen finds for the rotational ene 

F,{N) = B[i,m(N 1) + iyUV(N 
F^iN) = B[i,^N(N + 1 ) - iy[:,^N 

F,{N) = B{l,^NiN + 1) 4- iyUV(N 
F2(N) = + 1) -- Jyf.lW. 

Here the normal B^^-^ values have been replaced by effective 

n(±) _ R /i . \ 

and the splitting constants y are given by 


irgies 
+ 1 ) 

+ 1 ) 

values 


(I, 91) 


(I, 92) 




('^2 "h 1)€^2 




(I, 93) 


The quantity A* .0 is given by the previous equation (I, 48) j)utting K — 0. The 
second term in the bracket in (I, 92) is small compared to 1 as long as A* is not too 
small, and therefore the effective B values do not differ much from More 

important is the result that the splitting constants y have an appreciable magnitude. 
Only when the spin-orbit coupling constant A is small compared to (V 2 + l)ea )2 
[see eq. (I, 48)], would y be small. Even when the spin-orbit coupling constant is 
only moderately large the second term in the bracket of (I, 93) will be substantially 
smaller than 1, and therefore the spin splitting of the vibronic levels will be 
large; the constants y may then reach values of the order of i.e., will be very 
much greater than in electronic states. 

In Fig. 29, as examples, the observed rotational levels in the 010 vibronic 
level of the ground state of NCO and in the 010 vibronic level of the first 
excited state of BO 2 are shown to scale. In the first example y is not large 
(but stiU much larger than in a normal ^2 electronic state), while in the second 
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example it is so large that the 22*+ > state might be more properly considered as a 
P = I state (see p. 26) with a large P-type doubling (similar to H-type doubling 
for diatomic molecules; see Vol. I, p. 229). This interpretation is in accordance 
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between (a) and (i) indicate the transition from small to terge y 


The eorrc^lation lines 


with the previous conclusion that the S- character for vibronic levels is no 
on^r rigorously defined. We have a transition to Hund’s case (o) in which the 

StTdTar“ Z r®"" ^ " “d S - states exist. It should be 

chanve in ^^i properties of the rotational levels do not 

Change in going from left to right. 

T ^ «°“>P^red with those calculated 

from eq (1, 93) for BO, [Johns (630)] and NCO [Dixon (281)]. The agreement is 
very satisfactory. It is seen that in the I =«n excited state of BO +bf i 
larger than the B,,, value “ ^ ^ 
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Table 3. Splitting constants y op vibronic ^2 states in 

ELECTRONIC STATES 


! 

Molecule i 

Electronic 

state 

Vibronic 

state 

Peu] 
cm ^ 

i y obs. 
(cm”^) 

y cal. 
(cm“ ^) 

NCO 


010 22<+) 

0.3912 

0.118 

0.10 

f 

xm. 

010 2Si+> 

0.3308 

0.163 

0.15 

BO2 i 

Am, 

010 

0.3108 

0.474 

0.47 

\ 

A^U^ 

010 2S(-) 

0.3125 

0.444 

0.47 


If the ^2 vibronic levels are considered on the basis of Hand’s case (c) Ho u gen 
(568) finds the following approximate energy formulae 

F,{J) = + 1) + y,{J + -I) 

-(upper). ^ ^ 

F,{J) = + 1) + lp,(J + i) ^ ’ 

^(.ower). ^ ^ 

where e and/ distinguish the two P-doubling components. and are 

given by (I, 92) while 


P. = 2P 


{Vz + 1)60)2 


As before, the upper and lower ^2 state are separated by 

Av = A*o = V3^n^r+Tp? 


(1, 96) 


When the Renner parameter e is small, the P-type doubling, according to 
(I, 94) and (I, 95), is small, while the spin doubling in case (b) (also called p-typo 
doubling) according to (I, 91) and (I, 93) is large. But the two descriptions arc 
equivalent: it is easily seen that for small € (i.e., y ^ 2B) the resultant large 
splitting according to (I, 91) and (I, 93) just brings levels with the same J into 
coincidence as they should be according to (I, 94) (compare Fig. 29). 


Both formulae (I, 91) and (I, 94) were indeed obtained as expansions of the 
following more general formulae: 

Supper): T[:,\J) = G{V^, Vz, + |-)2 

+ .jV(Ap)2 + + i)(v^ + 1)6co2 + 

Slower): rfulV) = <?(«!, «2.«3) + + i)^ 

- •|■V(Av)2 ± 4Si„(J + Div.:, + 1)€co2 + + l)K (I, 07) 

These formulae, unlike (I, 91) and (I, 94), give the total rovibronic energy inoluding 
the over-all splitting Av between the two ^2 states, Vz, v-^) is esscvitially the 

ordinary vibrational energy with two very small correction terms [see Hougen (5(>B) ]. 
The upper sign in each of the two equations (I, 97) gives the sot of lo\Tds — , -1- , — , . . . 
the lower sign the set + , ~ , -f , . . . each with J = |, f , . . , respoctivoly . 

Equation (I, 97) holds even when Av is small compared to 2BJ that, is, wlum (K|b, 
(1, 91) and (I, 94) are not applicable. We shall not give expansions for this case (they 
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are in fact very similar to eqs. (V, 28a) of Vol. I, p. 233). But we give in Pig. 30 the 
correlation of the levels for Ar « 2BJ and small € (at the extreme left) to those of 
medium spin-orbit coupling and small e (in the center). In the same figure at the right 
is given the correlation to the case when the vibronic coupling (e) is large compared to the 


J N 



small A medium A medium A 

small € small « large € 


Fig. 30. Correlation of rotational levels of the two ^2 vibronic levels in a given 
vibrational level (with odd of a ^11 electronic state (see Fig. 8) for small and large 
Renner-Teller interaction and small and medium spin -orbit interaction. The 

magnitude of the spin-orbit coupling constant A in the center and at the right is indicated by 
the heavy vertical arrow. 


spin-orbit coupling which itself is considered to be appreciable. This part of the figure 
shows clearly the transition from Hund’s case (c) to Hund’s case (b) when tho vibronic 
coupling goes from small to large values [from cco 2(^?2 + 1 ) « ^ to €o> 2 ('y 2 + 1 ) » ^]- 
It explains why, in the intermediate region, when spin-orbit and vibronic coupling are 
of the same order, a large doubling arises in each state, which may equally be 
considered as P-type and as p-type doubling. 

In most practical cases it is convenient to use the classification , and to 

^PPly formula (I, 91) even if the splitting is large. 

For vibronic levels other than belonging to a ^11 electronic state, only 
slight modifications of the Hill and Van Vleck formulae arise: 
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For vibronic levels with Z = Wj + 1, the highest K value of a given set (e.g., 
the A state arising for 1)3 = 1; see Fig. 6) Hougen (068) found that the rotational 
levels are given by the Hill and Van Vleck formulae (1, 88) except that !'( Y - 4).\2 
must be replaced by y(rA - 4ir)A where Y = Aeff./B is determined by an eifective 
A value 

^eu. = + l)j. (1,98) 

For large spin-orbit coupling one may also describe the rotational levels of 
each doublet component by an eifective B value 


similar to the practice for diatomic molecules with large spin doubling. The upper 
sign refers to the doublet component of higher energy. As mentioned in section 2, 
without rotation the doublet splitting of the vibronic level with A = ^2 +■ 1 is 
the same as for the pure electronic state (^11). 

For vibronic levels of intermediate K values, which always occur in pairs (see 
Fig. 8), Hougen (568) has given explicit formulae which w^e shall not reproduce. 
However, in the limiting case of large splitting we can again express the rotational 
energy levels by effective B values. Hougen gives for the two spin components of 
the upper and lower vibronic component of a pair of states with 0 < A < I'a + 1 ; 


^<^upper) ^ 

^aower) ^ 


BA^ 


BA'^ 


± 


± 


45a>2[(?;2 + 1)' - K^J] 
{V, ^ l)\A\At^^^ f 
4BwA(v2 + 1 )" - K^] ] 
(^2 + / 


(I, 100) 


Here it must be realized that the pairing of the four states of given K and 
P = A + I is somewhat arbitrary as indicated by the two correlations in Fig. 8 
but, irrespective of that, in (I, 100) refers to the upper pair of levels, 

to the lower. For a regular ^11 electronic state the highest and lowest of the four 
levels have P = AT — J while the two intermediate ones have P = A + The 
reverse is the case for an inverted state. Each of the four levels resulting 
from (I, 100) is still doubly degenerate. This degeneracy may be split by the 
finer interaction between vibronic motion and rotation (A-type or P-type doubling). 

Hougen’s formulae refer to linear triatomic molecules. It is very likely that 
they will also hold for linear four-, five-, . . . atomic molecules except that the 
parameter 0)26(^72 + 1) will have to be replaced by another appropriate quantity. 


Rotational levels in other multiplet states. No detailed discussion of 
doublet electronic states other than states has yet been given in the literature. 
One may expect, however, that for ^A, . . . electronic states similar formulae as 

given above for will apply except that the relation (I, 96) for Av will have to be 
replaced by 


Av = VA^A^ + (®2 + 1)^€2 c« 2A 


( 1 . 101 ) 
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For electronic states Hougen (569) has developed formulae similar to those 
for given above. As we have seen in section 2, if spin-orbit interaction is large, 
the ^^2+ and vibronic levels of a state are each split widely (even without 
rotation) into and or levels. The vibronic levels split with 
increasing rotation on account of P-type doubling (P = 1). The and ^^^ 0 + 
vibronic levels remain single, and their + and - characteristic remains well 
defined. When spin-orbit coupling is small (case (b)) and the three components of 
each vibronic state are close together for zero rotation, a splitting linear in N 
will arise, and, just as for ^2 vibronic states, the splitting constants y are anom- 
alously large. For the behavior of vibronic levels having K 0 we refer to 
Hougen (569). 

The symmetry properties of the rotational levels in the various vibronic levels 
are again exactly analogous to those of diatomic molecules ( Vol. I, p. 239). 

For electronic states considerations similar to those for ^11 apply, but no 
detailed discussion has yet been published. 

(b) Symmetric top molecules 

Rotational levels in non- degenerate vibrational levels of non-degen- 
erate singlet electronic states. For the simplest case of non- degenerate singlet 
electronic states the rotational levels of symmetric top molecules have been dis- 
cussed in detail in Volume II. We summarize here only the residts. The rotational 
term values of a prolate top, assuming that there are no vibrational (or electronic) 
degeneracies, are given by 

P;^J(J4-1)P" ~ P/civh (1,102) 

The principal terms, the only ones occurring for a rigid symmetric top, are the first 
two. The last three terms in (I, 102) are centrifugal stretching terms which are 
always small compared to the first two except at very high J and K values. Their 
variation with can almost always be neglected. However, the dependence of 
the rotational constants and on the Vi is important. We have 

= Pg — V af(Vi -f idi) 4- ■ • . 

“ 4 “ (1, 103) 

-^tul — ^ + • • ■ 

where the summation is over all normal vibrations of the molecule. The af and 
af are analogous to the in linear molecules; they are small compared to A and B 
respectively, but by no means negligibly small. The equilibrium rotational 
constants A^ and B^ are related to the equilibrium moments of inertia (about 
the top axis) and 1% (about an axis perpendicular to the top axis and through the 
center of mass), by the relations 
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The rotational quantum number K corresponds to the angular momentum K 
about the top axis whose magnitude is J?’{A/2Tr). It is the component of the total 
angular momentum J. While for linear molecules K can he different from zero 
only when there is an electronic or vibrational angular momentum, here, even 
without such a contribution, K may be different from zero, i.e., we may have a 
pure (rigid) rotation about the top axis without contributions from electronic and 
vibrational motions. But K may also include such contributions (see below). 
It must be noted that always J > K. 

In Fig. 31a a rotational energy level diagram of a prolate symmetric top in a 
non- degenerate state is shown. For each K value there are a series of rotational 
levels with J = K, K + l 5 i^ + 2, .... 

According to the international nomenclature [Mulliken (912)], the rotational 
constants of an asymmetric top are designated in such a way that 

A > B>G. (1, 105) 

The corresponding axes are called a-axis, 6-axis, c-axis. For the prolate sym- 
metric top we have B — G] the top axis is the a-axis. On the other hand, for the 
oblate symmetric top we have A — B\ the top axis is the c-axis, that is, the 
moment of inertia about the top axis is the largest and the corresponding rotational 
constant must be designated C. If it is substituted in place of A in (I, 102) we 




la; 

Fm 31 Rotational energy levels of {a) a prolate (5) an oblate sy^etrlc toP to a 
non-°degenerate vlbronlc state. The levels are arranged m different columns according 
their K values. 
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have for the oblate symmetric top, neglecting centrifugal stretching terms, 

K) = + 1) - {Bm - (1, 100) 

where 

^[vl — + 2^i)) 

Levels with the same J now shift downwards with increasing K instead of upwards, 
as shown in Fig. 31b. 

The formulae given here hold both for molecules that arc symmetric tops on 
account of their symmetry as well as those that have accidentally two equal 
moments of inertia. Planar symmetric top molecules are always oblate tops. For 
them 

V = 2/b" (I, 108) 

and therefore 

C, - iB,. (1, 109) 

If such a planar molecule is a symmetric top on account of symmetry, there is 
also a relation between the three centrifugal distortion constants, as was shown by 
Dowling (304), viz., 

Bjk = -UBj + 2D^). (1, 110) 

Rotational levels in degenerate vibrational levels of non-degenerate 
singlet electronic states. In degenerate vibrational levels (which occur for all 
genuine symmetric top molecules) the Coriolis forces in the rotating molecule, 
according to Teller and Tisza (1198) and Teller (1196), produce a splitting of the 
degeneracy which, in a first approximation, increases linearly with the quantum 
number K (see Vol. II, p. 401). The reason for this splitting is the fact that now 
the angular momentum about the top axis, irA/277-, is the sum of a rotational and 

a vibrational contribution. The latter is (see p. 63) and therefore the 

rotational contribution is (jfiT + where the minus sign applies when the 

vibrational angular momentum is parallel, the plus sign when it is antiparallel to 
K. Correspondingly in the rotational energy formulae (I, 102) and (I, 106) we 
have to replace AK^ hj A{K + ^^)^ and CK^ by G{K + ?^)^ respectively. This 
substitution means that we have to add to eq. (I, 102) for the prolate top the term 

T2A,,,1,K A ( 1 , 111 ) 

and to eq. (1, 106) for the oblate top the term 

T2Ga.K + Cav^. ( 1 , 112 ) 

Usually the second term in (I, 111) or (1, 112) is omitted since it is independent of 
rotation and may be incorporated in the vibrational term value. In the simplest 
case, when a single degenerate vibration is singly excited, is a quantity 

whose magnitude is determined by the form of the two components of the normal 
mode and is characteristic of the degenerate vibration (see Vol. II, p. 404). The 
values of degenerate vibrations lie between +1 and —1. Except when there is 
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only one degenerate vibration of a given kind the depend in a fairly complicated 
way on the potential constants but the sums of the for a given species follow 
very simple formulae: see Volume II,pp.404and406ii,BoydandLonguet-Higgins 
(132), Lord and Merrifield (771), Meal and Polo (816), MiUs and Duncan (856). 



/<=o /r=2 /r=3 


Fig. 32. Rotational energy levels of a prolate symmetric top in a degenerate 
vibrational (or vibronic) state with = 0.4. The pairs of levels with isT ^ 0 connected by 
sloping lines arise from single levels in Fig. 31; they are split by Coriolis interaction. 

If several degenerate vibrations are singly or multiply excited, the total 
vibrational angular momentum is given by 2 ( ± Uk) [see eq. (I, 66)]. Thus we 
have for the general rotational energy formula for prolate symmetric top molecules 
in non-degenerate electronic states (omitting the term independent of K and J) 

K) = B,,yT(J + 1) + (A,,, - £m)-K= - 2A,,,[2 (I’ 113) 

and similarly for oblate symmetric top molecules 

K) = BmJ(/ + 1) - (Bm - - 2G,,(2 ±IA)k. (1, 1,14) 

Here the centrifugal stretching terms have been omitted. In Tig. 32 the rotational 
Note that eq. (IV, 49) of Volume II contains an error: it should be 

. ^10 “h ^xi ^12 = 23 
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levels in a degenerate vibrational level with = 2 hti = 0.4 are shown. Figure 
33 shows the variation of the energy with K for a given J for three values. It 
should be noted that for large > -|(1 — BjA)] one component oi the A" = 1 level, 
and for still larger of the A = 2, 3, . . . levels lies below the A = 0 level. For 



!Fig. 33. Variation with K of the rotational energy of a prolate symmetric top in a 
degenerate vibronic state for three different values. Tho same curves hold for each J 
value ; but note that J ^ K. 

an oblate top, since C < B, the energy decreases with A except that for sufficiently 
large one component of the A = 1,2,... levels may be above the A = 0 level. 

Garing, Nielsen and Rao (406) have given centrifugal stretching terms depending 
on the which in a higher approximation have to be added to (I, 113) or (I, 114) in 
addition to the usual centrifugal stretching terms given in (I, 102). These additional 
terms are 

+ 2(2 ±iiL) K[i2Dj + Dj^]J(J+l) + 2iD^ + Dj^)K^\. (I, 115) 

Rotational levels in degenerate singlet electronic states. As we have 
seen in section 1, there is in general an electronic angular momentum ^^{hl'Iir) in 
degenerate electronic states. The interaction of the electronic and rotational 
angular momentum, just as the interaction of vibrational and rotational angular 
momentum, leads to a splitting of the degeneracy expressed by a term 

T2A,,,U<^ or (1,116) 

which is to be added to the rotational energy expression of the prolate and oblate 
top respectively. The energy levels are therefore entirely similar to those shown 
in Fig. 32 or 33. Only the cause of the splitting is different. 
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In degenerate vihronic levels of degenerate electronic states it is the resultant 
vibronic angular momentum Whj27r) that determines the splitting, that is, we have 
the general energy formula (neglecting centrifugal stretching terms) 

4- 1) + 4 (1, 117) 

As discussed in section 2, is, for small vibronic interaction, simply the sum or 
difference of the vibrational and electronic angular momentum 

\Ct\ = lie ± U (1,118) 

For the sign of see the discussion on p. 64. For stronger vibronic interaction 
more complicated formulae apply such as (I, 68) for an X3 molecule (neglecting the 
minima in the potential trough). 

For molecules with three- and six-fold axes (Cs^, . . . , Dqj,, . . . ), the 

combination of a degenerate vibrational and a degenerate electronic state always leads 
to one degenerate (E) vibronic state and a pair {A-^, A 2 ) of non -degenerate vibronic 
states (see p. 39). One of the two It values of (I, 118) corresponds to the former, the 
other to the latter. However, if the splitting betw^een and A 2 is large, the vibrational 
angular momentum is completely suppressed and the energy levels are given by (I, 102) 
or (I, 106). For intermediate or small splitting between Ai and A 2 Hougen (572) has 
derived the formula (for prolate tops) 

+ 1) + + ViiAvf + 4Af,iK%^ (I, 119) 

where Av is the Ai, A 2 splitting for zero rotation. It is immediately seen that for 
very small Av this formula goes over into (I, 117), wFile for very large Av it goes over 
into (I, 102) for each component Ai and Ag. If Av is not too large, development of 
(I, 119) leads to a slightly different effective A^y^ value for the two components, viz., 

where the upper sign goes with the upper component ( + J|Av| ), the lower sign wdth the 
lower component (-- J|Av|). 

Rotational levels in multiplet electronic states. In orbitally non- 
degenerate electronic states, spin-orbit coupling is usually very small, just as in 
S electronic states of linear or diatomic molecules [Hund’s case (b)], but it will 
increase with increasing J and K. As for linear molecules, we introduce the 
quantum number N of the total angular momentum apart from spin which now 
replaces J in all the previous symmetric top formulae. The spin S is added to N 
to give the total angular momentum 

J = N -h A (1, 121) 

and therefore we have for the quantum numbers (see VoL I, p. 25) 

J = Ar + ;Sf,Ar + ;Sf- ( 1,122) 

Thus, as for diatomic and linear polyatomic molecules, each level of given N is 
split into 2S + I components except when N < S. As examples, we present in 
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Pig. 34 the lowest rotational energy levels of a and a vibronic state of a 
C 3 y molccul©. 

Splittmg formulae can readily be obtained from the general formulae for 


F2(N,K) = Fo(N,K) 


2 \ N{N + 1) 

1 ( \ 

2 r + 1) + + !)• (1. 123) 


' 2r^(in) (^’123) 

““ '■ “« «>» 

couDlincr nnr>si+ar»+o -x x.' 1 . ^ i ^ ^ respectively; k and ^ are spin-rotation 

ouphng constants which depend m a rather complicated way on the moments of 
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inertia and the average distances between the nuclei and the unpaired electron. 
The coupling constants and a used by Van Vleck (1238) and Raynes (1059) are 
related to those used here hj k — ix — a — a^. If k is small, the dependence 
of the splitting on N is the same as for states of linear molecules. However, in 
general k is larger than [i and therefore for a given K the splitting decreases rather 
than increases with N (see Fig. 34a). 

For triplet states an additional term arises on account of spin-spin interaction. 
One finds for the component levels [see Henderson (493) and Raynes (1059)] 

F^{N,K) = Fa{N,K) + (« + 1)2 + (AT + l)(2iV + 3) 

K) . W K) - . - 2A (1, 124) 

F,{N,K) = F,{N,K) - ^ 

Here A is the spin-spin coupling constant similar to the A occurring for states of 
linear molecules (corresponding to Van Vleck’s a which is -|A). Indeed for K = 0 
the formulae (I, 124) go over into Kramers’ formulae for ^2 (see Vol. I, p. 223) 
which give a first approximation to the Schlapp formulae (I, 87) when A is small 
compared to B. When A is not small compared to B additional terms have to be 
added to (I, 124) which we shall not discuss, but which are fully dealt with by 
Raynes (1059), 

As an illustration, in Fig. 35a and b, the variation of the three triplet com- 
ponents with A according to (I, 124) is shown [after subtraction of Fq{N, A)] for 
two sets of values of the constants, one with large |A| and small \ix\, and the 
other with smaller |A| but much larger |p|. In both examples k has been assumed 
to have the same value {k = —0.06). 

In degenerate electronic states, since in general is non-zero, there is an 
orbital magnetic moment in the direction of the symmetry axis and therefore a 
fairly large spin splitting is expected similar to that for H, A, . . . electronic states 
of linear molecules. Thus far, no detailed theoretical discussion of this case has 
been given. One would expect that for large multiplet splitting the rotational 
energy levels in each multiplet component can be represented by effective rotational 
constants which are slightly different for the different multiplet components. 

Symmetry properties of rotational levels. The symmetry properties 
of the rotational eigenfunctions of symmetric top molecules in non-degenerate 
electronic states have been discussed in detail in Volume II. At the time of 
writing Volume II, it was generally considered that for the classification of the 
rotational and over-all {rovibronic) functions only the rotational sub-group need 
and should be used. Since then, it has been shown by Hougen (571)(573) that 
(except for linear molecules) a classification according to the full symmetry group 
of the molecule is also possible and sometimes necessary. In Fig. 36 we reproduce 
the diagram of rotational levels from Volume II (Fig. 118) with the completed 
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K = 0 
ICJl = 0 


Fig. 36. Rotational energy levels in A\ and E' vibronic states of molecules with 
rovibronic species designations. At top and bottom Hougen’s quantum number Q is 
given. The oblique arrows give the transitions for a J_ band (see p. 230f). By dropping all ' 
and " the corresponding diagram for a D3 or molecule is obtained. 
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species designations. These designations apply to a molecule of point group 
while the original figure giving the species for the rotational sub-group Dg can 
also be used for the full group (obtained from Fig. 36 by dropping all ' and 

For a totally symmetric (non-degenerate) electronic state {Ai\ Fig. 36a) the 
rotational eigenfunctions and therefore the rovibronic eigenfunctions for Z = 3, 6, 
9, • • • are non -degenerate; but there are always two levels, A-^ and A^, for each J 
value because of the K degeneracy; for Z = 6, 12, , . . they are A'x and A for 
Z = 3, 9, . . . they are Al and A^. For Z = 0 there is only one function for each 
J value, which is alternately A [ and A 2 . All other rotational levels have species E, 
that is, have a degeneracy that cannot be split by any higher order interactions; 
the species is E' for even Z, Z" for odd Z. In an ^2 electronic state the subscripts 
1 and 2 in Fig. 36a must be interchanged, while for A'i and A 2 electronic states the 
' and " must be interchanged. It may be noted that for axial point groups with a 
four-, five- or six -fold axis, the species will run through a cycle of 4, 5 or 6 members 
as a function of Z. If there is a plane of symmetry <7,1 the length of the cycle is 
doubled for three-, five-, . . ., fold axes as in the example of Fig. 36, 

In a degenerate electronic (or vibronic) state, the rovibronic species are the 
same as for a degenerate vibrational level as discussed in Volume II. Figure 36b 
shows this for an E' vibronic state of a molecule. Here all the levels with 
Z ~ 0 are doubly degenerate (E'). For Z ^ 0 we have the Coriolis splitting into 
two levels which for Z == 3, 6, 9, . . . are both E", E\ E", . . . respectively, while 
for intermediate Z values, one Coriolis component consists of two non- degenerate 
levels as shown. Again ' and " alternate as a function of Z. 

In Volume II the levels represented by the upper sign in (I, 111) and (I, 112) 
were called -fZ levels, those corresponding to the lower sign were called —I levels, 
they are the lower and upper component levels respectively for positive or 
We shall very slightly modify this designation and, following Mills (855), write 
(4-2) and ( — 2) levels in order to counteract the impression that the two levels 
correspond to positive and negative 1. For large vibronic interaction, I is no 
longer a good quantum number and the two sets of levels of eq. (I, 117) will then 
be called ( -j- j) and ( ~j) levels since they are now characterized by the quantum 
number J defined in section 2(c). 

Hougen (571) has introduced in place of the designation ( + 2) and ( — 2) levels 
a new quantum number G which is given by 

6? = 6?^ + 6?^ + Z (I, 125) 

where in the present example (Dg^ molecule) = 0 for non- degenerate and 

Oq — ±1 for degenerate electronic states, where = 2( ± ^ where G is only 
defined modulo 3. The values of |(t| are added to the levels in Fig. 36. For a 
discussion of the G values in other point groups see Hougen (571). The quantum 
number G is convenient for the formulation of the selection rule for ( ± 1) levels (see 
Chap. II). 

For linear (and diatomic) molecules, the over-all symmetry property 4- and ~ 
giving the behavior of the rovibronic eigenfunction with regard to inversion is of 
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great importance. For axial molecules it is not as important imless the potential 
barrier opposing inversion is not very high. If it is high, then every level thus far 
considered really consists of two very nearly coinciding levels, one that is sym- 
metric, and one that is antisymmetric with regard to inversion (i.e., a -f and 
a - level). For most purposes we can disregard the fact that there are two levels 
rather than one level. But if the barrier is low, as, for example, in NH3, we have a 
doubling, the inversion doubling, and we must take account of the + and - 
character of the levels (see Fig. 120, p. 412 of Vol. II). If the molecule is planar, 
each level is either + or - , but this character is then already implicitly taken into 
account in the other symmetry properties, at least when the full symmetry group 
is used to describe the rotational or ro vibrational levels. 

For a discussion of the statistical weights of the rotational levels we only need 
the behavior of the wave functions with regard to the rotational sub-group as 
discussed in detail in Volume II, p. 409f. In an axial molecule with a ^-fold axis, 
there must be at least one set of p identical nuclei. In our example of a Dqj^ 
molecule, if the identical nuclei have zero spin (and therefore follow Bose statistics), 
only the levels of species of the rotational sub-group, i.e., A'^ and A{ of the full 
symmetry group, actually occur, that is, there would be for an E' vibronic state 
(see Fig. 36b) no levels with ^ = 0, 3, 6, . . . and alternately only the lower ( Al) 
and upper ( — Z) components of the levels with K = 1, 2, 4, 5, . . .. For a non- 
degenerate vibronic state {A'l or A^ or A{ or A 2 ), only the levels with K ~ 0,3, 
6, . . . would be present (see Fig. 36a). 

If the identical nuclei have spin i = | (and follow Fermi statistics), both A 2 
and E rotational levels (i.e., A 2 , A 2 , E' and E" of the full symmetry group) occur 
but not A I (i.e., not A[ and ^1). The nuclear spin contribution to the statistical 
weight of the A 2 levels is 4, to that of the E levels it is 2. If the identical nuclei 
have 7 — 1 (and follow Bose statistics), aU three species of rotational levels Ai, 
A 2 , E occur with statistical weights 10:1:8; and if the identical nuclei have spin 
7 = f (Fermi statistics) the weights are 4:20:20. Thus we have an alternation 
of statistical weights as a function of TT in a non- degenerate vibronic state: it is 
4:2:2:4:2: ... for 7 = J, it is 11:8:8:11:8: ... for 7 = 1, and it is 24:20:20:24:20: 
... for 7 = f . For degenerate vibronic states the same alternation occurs for 
both the lower and the upper Coriolis component, but they are out of step (see 
Fig. 36b): the higher weight occurs for Z” = 1, 4, 7, . , . for the ( + Z) levels and for 
K = 2, 5, 8, , for the (-1) levels. 

Because of the difiference in statistical weight for A^ and A 2 rotational levels, 
there is an alternation of weights as a function of J for TT = 0 of a non- degenerate 
vibronic state. For A'l and A'l vibronic states the weight ratio of even and odd 
rotational levels is 1:0 for 7 = 0, it is 0:4 for 7 = J, it is 10:1 for 7=1 and 4:20 
for 7 = 1, while for A 2 and Al vibronic states it is the reverse. The same weight 
ratios apply to the pairs of A^, A 2 levels for each J of = 3, 6 , . . . in a non- 
degenerate state, and similarly for the J-i, A 2 components of (4-Z) or (-Z) levels 
with Tl = 1, 2, 4, 5, ... of degenerate vibronic states (see Fig. 36). 

For molecules of point group the rotational sub-group has only species 
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A and E, that is, A^ and A 2 levels of Fig. 36 have the same weight which is equal 
to the sum of the weights for that is, 1, 4, 11, 24 for / = 0, 1, f respectively. 

The alternation of weights as a function of K is the same as for but there is 
no alternation for iT = 0 as a function of J . 

As mentioned earlier, all the levels of Cg^ molecules have a double degeneracy 
due to the possibility of inversion. If this degeneracy is split (inversion doubling), 
then the distinction between A^ and A^ must be made since then the molecule can 
be considered as belonging to point group Dg^. Thus, for A = 0 there is again an 
alternation of weights for each inversion doubling component. 


Table 4. Alternation of statistical weights in axial molecules^ 


Molecule 

Point 

group 

Nuclear spin 
of identical 
atoms 

Alternation in 

Alternation in 
J for A = 0 ® 

XYg, XYZg 

^3v 

1 = 0 

1 : 0 : 0:1 

— 



I == i 

4:2:2:4 

— 



/ = 1 

11 : 8 : 8:11 

— 



r _ A 
-L — 2 . 

24:20:20:24 

— 

XYg, Xg 

^3h 

1 = 0 

1 : 0 : 0:1 

1:0 


\ 

I = i 

4:^2:2:4 

0:4 



1=1 

11 : 8 : 8:11 

10:1 



/ = f 

24:20:20:24 

4:20 

cyclo CsHq 


/ = i 

24:20:20:24 

8:16 

XY 4 


1 = 0 

1 : 0 : 0 : 0:1 

— . 



I = i: 

4:3:6;3:4 

— 



I = 1 

24:18:21:18:24 

— 

XY 4 


2 = 0 

1 : 0 : 0 : 0:1 

1:0 



I = h 

4:3:6:3;4 

1:3 



I = 1 

24:18:21:18:24 

21:3 

XaYe (CaHe)'^ 

Eqo. 

2 x = 2 y = 

24:20:20:24 

8:16 



2 x = 0 , 2 y = 1 

249:240:240:249 

138:111 

CeHe 


I = J 

10:11:9:14:9:11:10 

7:3 

C3H4 (allene) 

^2d 


10 : 6 : 10 : 6:10 

7:3 


a The alternations given here hold for a totally symmetric vibronic state. 

^ The statistical weights for K = p, p + 1, . . 2jo are given where p is the order of the symmetry axis, 
c The ratio of statistical weights for even and odd levels is given which is also the ratio of tlic .di, A 2 pair for 
K 0 . 

^ Assuming a high barrier. 

The symmetry properties and statistical weights of the rotational levels for 
molecules of several other point groups have been discussed by Placzek and Teller 
(988), Wilson (1305)(1306), Schafer (1100) and Mizushima (862). Although their 
discussion is based on the rotational sub-group, it would be easy to translate their 
results to the full symmetry group with the help of Hougen’s paper (571). In 
Table 4 the results of the preceding discussion with regard to the statistical weights 
are summarized, including a number of cases not treated above. 

doubling. In addition to the first order effect of Coriolis interaction 
which causes the splitting into { + 1) and (-?) [or (4-j) and (-j)] levels, Coriolis 
forces produce further higher order splittings and shifts of energy levels. Similar 
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splittings and shifts are also produced by anharmonic terms in the potential energy 
and by the fact that in the displaced positions of non-totally symmetric vibrations 
the molecule is no longer an exact sjnmmetric top. The most important of these 
splittings is the analogue of the Z-type doubling of linear molecules. It was first 
recognized by Nielsen (934) in the microwave spectra of CHgCN and CHgNC and 
by Garing, Nielsen and Rao (406) in the infrared spectrum of NHg. 

Without considering higher order effects, the A^ and A 2 levels for a given J 
and K would have the same energy, just as have the two component levels of given 
J of a n vibronic state of a linear molecule. When a degenerate vibration v^is excited, 
Coriolis interaction or simply rotation- vibration interaction will produce a splitting 
into two component levels which is called Z-type doubling even though for s^th- 
metric top molecules unlike linear molecules the (vibrational) angular momentum 
is not Zi(A/ 2 ' 7 T) but li(i{hl27T) (see p. 64). Garing, Rao and Nielsen (406) have 
shown that, just as for linear molecules, for — 1 the doubling is in a first good 
approximation given by 

Av = q,J(J -f 1 ). (I, 126) 


Here it must be emphasized that only the (-fZ) component is split (see Fig. 36b); 
the ( — Z) component has species E and therefore cannot be split in any approxima- 
tion. It must also be noted that in XY 3 if Y has a nuclear spin J (e.g., when 
Y = H) alternately the upper and lower level of the Z-t}pe doublets is missing 
since only the A 2 levels occur (see Fig. 36). In principle, the (—1) levels for 
K = 2, the ( + Z) levels for = 4, etc., will also be split, but just as the Z-type 
doubling of A, 0, . . . states of linear molecules, here the doubling comes out only 
in a much higher approximation and is proportional to a correspondingly higher 
power oi J{J -|- 1 ). The same applies to the A-^A 2 doublets for A' = 3 of a 
non-degenerate vibrational level (see Fig. 36a). 

Again, as for the linear molecules, the sphtting constants q can be resolved 
into two components 

I. = + qr-. ( 1 . 127 ) 


one due to Coriolis interaction with another vibrational level, and one due to the 
asymmetry of the displaced position. Garing, Nielsen and Rao (406) give for ^4 
of non-planar XYg 




— 0 ) 2 ^’ 


= 


2BA(i' 


CO^ 


(I, m 


where ^24 is a Coriolis interaction coef&cient of magnitude < 1 (see Vol. II, p. 404) 
and a' is a coefficient which is not given explicitly. Similar expressions would 
apply to other axial molecules. 

It is readily seen that in an axial molecule when a degenerate vibration is 


Garing, Melsen and Rao give for the first term 
Sn^c^icoA — 

which is dimensionally incorrect and was presumably intended to be the quantity given in the 
text. 
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escitedj rotation about an axis perpendicular to the symmetry axis will give rise 
to a Coriolis force which tends to excite a non- degenerate vibration (compare 
the similar discussion in Vol. II, p. 374). Thus, since in NHg vj^e) and ^ 2 (^ 1 ) 
are fairly close together, there will be Coriolis interaction between them, giving 
rise to above. Similarly, as we shall discuss in more detail below, a slight 
deviation from a symmetric top gives rise to a iT-type doubling which for iT = 1 
is proportional to J(J + 1), thus accounting for the term it is independent 
of the presence of other interacting vibrations. 

The magnitude of according to (I, 128), depends essentially on just 

as for ?-type doubling in linear molecules. For NH 3 , B — 9.94 cm “ ^ and therefore, 
with 0)4 = 1628 cm" is of the order of 0.06 cm" while for CO 2 , with = 0.391 

and W 2 = 664, is of the order 0.00023. Thus, on account of the much higher B 
value the Z-type doubling in NHg is much larger than in CO 2 . Since the cause of 
Z-type doubling is precisely the same in both cases we prefer not to adopt Caring, 
Nielsen and Rao’s designation of '‘giant” Z-type doubling for the NHg case. The 
magnitude of the Z-type doubling, according to (I, 128), depends also on the 
proximity of other vibrations with which the degenerate vibration considered can 
interact. In (I, 128) only the most important term for XY 3 is given; in principle, 
other similar terms corresponding to interaction with other vibrations have to be 
added to for example, for XY 3 the term — ^ 1^)5 these 

terms are in general small. For a recent more detailed discussion of Z-type doubling 
see Weber (1281). 

/-type doubling. As we have seen above, in degenerate electronic states the 
rotational energy levels are entirely similar to those for degenerate vibrational 
levels except that now I is either simply the electronic or when degenerate 
vibrations are excited, the sum or difference of electronic and vibronic Again 
we expect to find a splitting of the Ai, A 2 doublets for X = 1. This splitting will 
be caUed j-type doubling since it is now the quantum number / that characterizes 
the vibronic levels (see p. 63f); the quantum number Z is zero for the lowest level 
of a degenerate electronic state, and yet there will be a doubling, namely, of /-type. 
Moreover for higher vibrational levels Z may not be well defined if the Jahn-Teller 
interaction is strong. 

Child (191) has studied the rotational levels in a degenerate electronic state 
and has shown that the (+/) levels with X = 1 of a/ = J vibronic state are split 
according to the formula (1, 126); however, here, particularly in the v = 0 level, 
the splitting does not originate from Coriolis interaction of different vibrations but 
is entirely due to vibronic-rotational interaction within the vibronic state con- 
sidered. It vanishes when Jahn-Teller interaction is zero and is therefore not an 
analogue of A-type doubling resulting from pure electronic-rotational coupling. 
It may be thought of as being produced by the fact that in the equilibrium position 
of the degenerate electronic state the molecule is not symmetrical if Jahn-TeUer 
interaction is non-zero, and that therefore we have a sMghtly asymmetric top which 
wiU exhibit a doubling in the X — 1 rotational levels similar to the asymmetry 
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component of ^type doubling. Conversely, the observation of such a doubling in 
a vibronic level with I = 0 would represent a direct proof for an asymmetric 
equilibrium position in a degenerate electronic state as required by the Jahn-Teller 
theorem. 

Child (191) gives the following formula for the coupling constant in a degenerate 
electronic state of an X 3 molecule 

= 2aB /— (I, 129) 

where a is a constant of order 1 which depends on the Jahn— Teller parameter D [a = 0 
for i) = 0; a = 0.832 for I) = 0.125 and V2 ~ 0 ; a = 0.394 for D = 0.125 and V2 = 1 ; 
for other values see Child (191)]. It is significant that the dependence of the j-tj-'pe 
doubling constant on B and a »2 is somewhat different from that in the asymmetry 
term gy®*®* of Z-type doubling (see eq. I, 128). If the tw^o parameters a and a' were 
equal, ytype doubling would be larger by a factor V than the asymmetry com- 
ponent of Z-type doubling. In view of the difficulty of determining the Jahn-Teller 
parameter D experimentally, it may be pointed out that if is experimentally deter- 
mined for a y J state in a degenerate electronic state, one can obtain from it directly 
this parameter D, if the frequency of the degenerate vibration causing Jahn-Teller 
instability is known, since the constant a in (I, 129) is a function of D (see the tables 
given by Child). To be sure. Child’s formulae hold, strictly speaking, only for an X 3 
molecule but could probably be fairly easily generalized. 

As for Z-type doubling, the i-type doubling for the ( —j ) levels of X = 2 , the ( -hi ) 
levels of X = 4, etc. is very much smaller than that of the ( -hi) levels of X = 1 and 
varies with the fourth or a higher power of J. On the scale used in Fig. 36b it was 
not possible to show this variation: the magnitude of the splitting shown in this figure 
is much exaggerated. For vibronic levels with j > splittings of the le\^eis with X = 1 
are not expected in the approximation considered by Child. It is, however, likely, 
although not explicitly stated by Child, that for higher j values when Jahn-Teller 
interaction is small, Z-type doubling will arise as long as I is approximately defined. 

In addition to the cause of j-type doubling considered above, one may expect that 
when other electronic states are nearby or even other suitable vibronic states of the 
same electronic state, Coriolis interactions will add to the magnitude of the splitting, 
but this has not yet been discussed in detail. 

Other effects of higher order rovibronic interactions. The same interactions 
that produce Z-type doubling also produce contributions to the rotational constants 
These contributions are of opposite sign for the two vibrations vi and vic between 
which Coriolis interaction takes place. For example, in an XY 3 molecule, according 
to Oaring, Nielsen and Rao (406), is smaller by =1 is larger by 

than it would have been without this interaction. This modification of the B^^-^ values 
is taken care of by using appropriate aP and need not be further discussed [compare the 
explicit formulae for the ai of XY3 and XYZ3 molecules given by Sdver and Shaffer 
(1129) and Shaffer (11 17) (11 18)]. There is also a lowering of by an amount qp^'^'j^Cy 
which, in a way similar to the corrections on i5„, may be considered as a contribution to 
aP 

While there is, in the present approximation, no Z-type doubling for X > 1 , there 
is an effect on the separation of the ( -f Z) and ( — Z) levels when g^ is large. Without the 
higher order effects here considered, i.e., according to eq. (I, 1 1 3 or 1 14) , the separation of 
corresponding (- 4 -Z) and ( — Z) levels for a given X is independent of J (see Fig. 36b). 
According to Garing, Nielsen and Rao (406), the higher order effects produce an 
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additional term in the energy formula which is quartic in J . This term is for oblate 
XY3 molecules 

^ , [J(J + 1) - K(K + l)JJ(J + 1) - (K + l)(g + 2)] 

16(K + 1)[(1 - ^v)0, - R,i ' ’ 

where the upper signs refer to the ( + ^) levels, the lower to the (~l) levels. For 
positive since < B^, the term (I, 130) leads to an increase in the ( + ^) - {^l) 
splitting, for sufficiently negative it leads to a decrease of that splitting. 

The term (I, 130) must also be added to (I, 114) for iC = 0 and for the (~l) levels 
of X = 1 (which are not affected by Z-type doubling). For K = 0 the + in the 
denominator cancels the ± sign in front of and thus only a single value for each J 
is obtained as required since the K — 0 levels are not split. For the ( — Z) levels of 
K = I the lower sign has to be used throughout. In all these cases the term (I, 130) 
has the same effect as the term in Dj and is very difficult to separate from it in the 
analysis of observed spectra. 

As an example, Fig. 37a shows the observed separations for the ( + Z) and ( 1) 
levels of the vibrational level in the ground state of XH3 for X = 1 and K = 2. 




(a) (b) 

Fig. 37. Observed first order Coriolis splitting {a) in the 0001 level of the ground 
state (vibronic species E) and (b) the 0100 level of the E" upper state of the 1600 A 
bands of NH3. The broken lines indicate what the splitting would be without higher order 
effects. The X = 1 levels show a marked Z-type (or i-type) doubling of the ( + Z) levels; 
therefore two curves result for the separations of corresponding ( + Z ) and ( — Z ) levels. For 
ISTHs, for one set only even for the other only odd J values occur. 

In both cases the points would fall on horizontal straight lines if the higher order terms 
were not present. For K = I there are two curves instead, corresponding to the 
Z-type doubUng in the ( -f Z) component; the average of the two curves drops slightly at 
high J ; but for j£ = 2 there is an appreciable drop, i.e., an appreciable reduction of the 
splitting between ( + Z) and ( — Z) levels for high J in accordance with (I, 130) (^4 is 
sufficiently negative). 

A term, very similar to (I, 130) must be added according to Child (191) to the 
rotational energy formula in a j = i vibronic state of a degenerate electronic state, 

Including the correction of sign given, by Rao, Brim, Hoffman, Jones and McDowell 

( 1051 ). 
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when Jahn-Teller interaction is present (even if a degenerate vibration is not excited). 
But now is given by (I, 129), and therefore the shifts are liable to he much larger 
unless the Jahn-Teller parameter D is very small. A probable example has been 
observed in the excited E" state of NH 3 by Douglas and Hollas (295). Figure 37 b 
shows the (+j) - {~j) splittings for if = 1 and 2 for the state in which the non- 
degenerate vibration V 2 is singly excited. If the much smaller scale is noted, the 
greater j-type doubling and the greater deviation of the i+j) — {—j) splitting from a 
constant value is clearly seen. To be sure, both the doubling and the shifts may be 
partly (or wholly) due to interaction with the nearby A 2 " state. 

It is hardly necessary to emphasize that local perturbations for a small range of J 
values can occur for symmetric top molecules just as for linear molecules and for the 
same reasons, i.e., on account of Fermi and Coriolis interactions between different 
vibrational levels of given electronic states, or between different vibronic levels of 
different electronic states. 

(c) Spherical top molecules 

Since in spherical top molecules all three principal moments of inertia are the 
same, the zero-approximation formula for the rotational energy levels is even 
simpler than for symmetric top molecules, namely, 

rpviCJ) = + 1) - + If (1, 131) 

where as before 

Avi = Be -2 + idi)- (1= 132) 

The only difference from symmetric top molecules is that can now have the 
values 1, 2 and 3, that is, we may have triply degenerate as well as doubly 
degenerate and non-degenerate vibrations if the molecule is a spherical top on 
account of symmetry. 

Considering that here levels with different K coincide, it is clear that each 
level of given J has a (2J + l)-fold degeneracy (in addition to the {2J -f l)-fo]d 
space degeneracy). This degeneracy is partially removed, that is, we have a 
splitting into a number of sub -levels on account of the finer interaction of vibration 
and rotation to which now the interaction of electronic motion and rotation has to 
be added. 

For a discussion of these sphttings it is necessary to consider first the s^^mmetry 
types of the rotational eigenfunctions. 

Symmetry properties of rotational levels. In Volume II, p. 449, the 
rotational levels of the spherical top were classified according to the rotational 
sub-group of the point group considered. According to Hougen (573), just as for 
symmetric top molecules, it is possible and for some purposes necessary to classify 
them according to the full symmetry of the point group. Hougen has showm that 
the rotational eigenfunctions of a spherical top behave like the even species Djg 
of the continuous rotation- inversion group Kji (see Table 55 of Appendix I). 
These species are (2J + l)-fold degenerate. They must be resolvedinto the species 
of the point group of the molecule considered. We shall only discuss tetrahedral 
molecules of point group which has the species A 2 , F 2 - These are 
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the possible species of the rotational levels. For the lowest J values the reduction 
of Djg into the species of is given in Table 58 of Appendix IV. The lowest 
level J = 0 has species ; the next level J = 1 has species i.e., neither of these 
levels can be split in any approximation. For / == 2 we obtain E + F 2 , for 
J = 3 we obtain As + + Fg, i.e., here sphttings are possible (see below). 

In Fig. 38 the species of the rotational levels are given up to J = 9 for F 
and Fa vibronic states (compare Fig. 138, p. 450 of Vol. II). The species of the 
rotational levels of the E vibronic state have been obtained from those of the Ai 
state simply by multiplication of all species by E, and similarly for Fg. Corre- 
sponding diagrams for A 3 and F^ vibronic states differ from those for A^ and Fg 
by an exchange of the subscripts ^ and 2 throughout. It should be noted that 
Jahn (617) and Hecht (485) reverse the designations A^, Ag and F^, Fg for odd J 
values. Figure 38 applies also to molecules of point group O and can be readily 
extended to octahedral molecules (point group Of) if g and u are added to the 
species, depending on whether the vibronic state is even or odd. 

Because of the possibihty of inversion, each one of the levels shown in Fig. 38 
is actually double, one being + , the other ~ with respect to inversion. But this 
doubling is entirely neghgible in all cases thus far studied. 

If the identical nuclei in a tetrahedral molecule have spin zero only the A 
rovibronic levels (i.e., A^ and Ag) of Fig, 38 exist. However, if i ^ 0 all five t^’pes 
of rotational levels occur but with different statistical weights. One finds (see Vol. 

II, p. 451) that for / = J the weights are 5, 2 and 3 for A, E and F respectively, 
while for J = 1 they are 15, 12 and 18 respectively (the weights for A^ are the same 
as for As, those for F^ the same as for Fg). 

Fine structure in non-degenerate vibronic states. Rotational levels of 
different species but the same J of a given vibronic level are differently influenced 
by Coriolis interactions with the rotational levels of other vibronic levels or bj^ 
centrifugal distortion and other higher order interactions. For this reason in a 
sufficiently high approximation there is a splitting into as many levels as indicated 
by the number of horizontal lines in Fig. 38. In other words, when the molecule is 
distorted by centrifugal forces or by non-totally symmetric vibrations, it is no 
longer an exact spherical top, and the reason for the (2*7 + l)-fold degeneracy no 
longer appHes : to an extent compatible with symmetry requirements the degener- 
acy is resolved. Jahn (617) and more recently Hecht (485) have discussed in detail 
the resulting sphttings. Unfortunately these splittings cannot be represented by 
explicit formulae but depend on the matrix elements of the various perturbing 
terms. 

Hecht has shown that in a good approximation the relative spacings for a set 
of levels of given J are independent of the magnitude of the vibration-rotation (and 
presumably electronic-rotation) interactions. Most of the effect of these inter- 
actions can therefore be taken into account by adding to (1, 131) the term 


8F,,,(J) = k) 


(1, 133) 
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where !)[?] ^ constant, similar in magnitude to and characteristic for the 

particular vibronic level considered, and/( J, k) is a splitting function, the same for 
all levels, which depends on J and the particular sub-level k. Since it is not 
possible to give an explicit form for / (J, k), we give in Table 5 its numerical 
values for J values up to 8. It will be noticed that the values of / (J, k) increase 
roughly as J^(J 4- 1)^. For the ground states of tetrahedral molecules, the term 


Table 5. Splitting function /(J, k) fob- 
tetrahedral MOLECULES [AFTER HeCHT (485)]^ 


J 

K 

f{J, k) 

J K 

f(J, k) 

0 

Ai 

0 

6 A-i 

3780 

1 

-fi 

0 

Ft 

2880 

2 


24 

F2 

1862.2 


E 

-36 

■ds 

-1980 

3 

A 2 

360 

F2 

-3062.2 



60 

E 

-3420 


Ft 

-180 

7 E, 

4762.5 

4 

F2 

780 

E 

4224 


E 

-120 1 

F2 

2967 


Ft 

-420 

•42 

624 


■dt 

-840 

F2 

-5676 

5 

Ft 

1661.4 

Ft 

-7882.5 


E 

1260 

8 

10038.9 


F2 

-840 

E 

8909.6 


Ft 

-1661.4 

Ft 

5142.0 




F2 

881.1 




E 

-10589.6 




Ft 

- 11022.0 




At 

-11760 


a Note that for odd J the designations Ax and as well as Fi and 
Fz are exchanged compared to Hecht. 


(I, 133) is in general exceedingly small compared to the rotational energy (I, 131). 
For example, for CH4 in its ground state, Dg] = 4.0 x 10"® cm"\ and 
therefore, using the/ {J, k) of Table 13 the over-all splitting for J = 8, for example, 
is only 0,087 cm~h 


The value of the splitting constant for a tetrahedral XY 4 molecule is, 
according to Hecht (485), in a first approximation, neglecting the dependence on v, 
given by 





kl\ 


(I, 134) 


where $23 ^^^d ^24 Q-re Coriolis -coupling coefficients similar to those defined in Volume II, 
p. 375. (£ 23 ® + £ 24 ^ = !)• The expression for may be compared with that for 

the ordinary centrifugal stretching constant for which Hecht obtains 





. £23! 
15a>2^ 50)3^ 


^ 24 ^ \ 

5o)4V 


(I, 135) 


For the CH 4 ground state this quantity is 1,0 x lO”^ cm"^ Thus in this case, the 
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splittings are small compared to the shifts by centrifugal distortion. However, in 
excited (non-degenerate) electronic states the splittings are likely to be much larger, 
since other electronic states are in general much nearer and wdll cause larger inter- 
actions. In such cases the approximation on which (I, 133) is based may not be 
adequate. 

Fine structure in degenerate vibronic states. In a triply degenerate 
state the Coriolis interaction produces a first order splitting of the degeneracy 
(see Vol. II, p. 447). According to Teller (1196), the rotational levels are given in 
a first approximation by 

+ 1 ) + + 1 ) 

+ 1 ) 

= Bi,,J{J + 1) - (1, 136) 

Here ^ is, just as for symmetric top molecules, either a purely vibrational angular 
momentum (when the electronic state is non- degenerate) or a purely electronic 
angular momentum (when the electronic state is degenerate but no degenerate 
vibrations are excited) or a vibronic angular momentum (w^hen degenerate 
vibrations are excited in a degenerate electronic state). As before, J is not 
integral, and its magnitude in simple cases is less than 1, In Fig. 39, as an 
example, the rotational levels in a degenerate state with J = 0.2 are plotted. For 
J = 0 only the ^ level exists since a total angular momentum J = 0 can only be 
obtained in one way, i.e., when the purely rotational angular momentum is opposite 
and equal to the vibronic angular momentum {Q. Note that J ahn-TeUer instability 
in a triply degenerate electronic state does not remove the triple degeneracy of the 
vibronic levels but Coriolis interaction does in the rotating molecule. 

Some authors [see Hecht (485)] introduce a quantum number R corresponding to 
the purely rotational angular momentum. If $ were equal to 1, one would have 
Since the rotational energy is J5fy]F(F -f- 1), one obtains on 
substitution of R — J — 1,J, J 4- 1 the three eqs. (I, 136) -with J = 1, confirming that 

^(J) corresponds to levels in which rotational and vibronic angular momentum are 
opposite to each other. 


F-{J) J F^U) F^U) 


6 


6 


to 


Fig. 39. Rotational levels in a triply degenerate vibronic level of a tetrahedral or 
octahedral molecule for ^ = 0.2. Note that a level with J == 0 exists only for the F ^ ( J) 
series. It has F 2 rovibronic symmetry, i.e., is triply degenerate. 
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When the finer interaction of rotation and vibronic motion is taken into 
account, each rotational level of Fig. 39 is split into as many sub-levels as indicated 
by the number of horizontal lines in the right-hand part of Fig. 38. However, now 
the splittings are in general much larger than for a non-degenerate state. In a 
second approximation one finds, according to Hecht (485), the following terms that 
have to be added to the expressions (I, 136): 

+ 1 ) + + 1 ) k) 

+ 1) + K) (1, 137) 

hF[-,KJ) = a*/(j + 1)-^ 2a*SJ ~ k). 

Here the quantities a* and ao, which are of the order of ordinary a’s, represent a 
slight change of the effective values, different for the central component from 
what it is for the two others. (In terms of the quantities defined by Hecht for the 
level vg, a* = + 2 ^ 35 , ao = The splitting function/( J, k) 

in the present approximation (neglect of non-diagonal terms) is the same as for 
non-degenerate states, but the coefficients D[^5^(J), D[^]{J) and i)[y']^( J), and there- 
fore the magnitudes of the splittings, are very much larger. Moreover, these 
coefficients depend on J and in general decrease with increasing J. While the 
relative spacings in the splitting pattern of the F[y](»7) set are approximately the 
same as those of a non- degenerate state of equal J as given in Table 5, eq. (I, 137) 
shows that for the \J) set the agreement in the splitting pattern exists between 
— 1) and/(J', k), and for the F[^5^(J) set between F[^-^\J + 1) and /(J, k) 
except for the sign. This agreement is also in accord with the resolution into the 
various species shown in Fig. 38. Note, however, that for an vibronic level 
to which Fig, 38 applies, the A^, A 2 and similarly the Fi, F 2 designations are 
exchanged compared to an A^ vibronic level. For large splittings and large J, 
non-diagonal matrix elements become important and produce additional shifts not 
taken into account in (I, 137). 

The only example for which the formulae (I, 137) have been compared with ex- 
periment is CH 4 ; see Hecht (485) and Herranz and Stoicheff (514). 

No detailed discussion of the rotational levels in doubly degenerate vibronic levels 
of tetrahedral molecules has yet been given. Nor has the effect of the electron spin 
been discussed. The rotational levels of octahedral molecules (as well as tetrahedral 
molecules) in non-degenerate and triply degenerate vibrational states have been dis- 
cussed in detail by Moret-Bailly (878). 


(d) Asymmetric top molecules 

General rotational energy formulae. As discussed in more detail in 
Volume II the rotational energy levels of an asymmetric top molecule in a given 
vibronic state (neglecting centrifugal distortion corrections) can be represented by 

Ft„3(Jd - + G,,,)J(J + 1) -h [A,,, ~ KA.] + (1, 138) 

where t = J,J — 1,..., — J numbers the 2J -f 1 levels of a given J and where 
is a dimensionless quantity determined by certain algebraic equations which 
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depend on the effective rotational constants for the vibrational level [v\: 

h 

= -S* - 2 "" 8^4/7 

= Ce - 2 + i). = 8^ 


(I, 139) 


The equations for up to J = 6, in terms of the asymmetry parameter 


h = ^fv] ~ j®[u] 

2[A,,, - a, , 3 )] 


(I, 140) 


are given in Volume II, p. 46; equations for higher J values may be found in the 
papers by Nielsen (933), Randall, Dennison, Ginsburg and Weber (1046) and 
Ginsburg (424) [see also Allen and Cross (1)]. 

An alternative form of the energy formula is 

FaJ^) = UAvi + + 1) + UAv, - C,,,)Ej^ (I, 141) 

where Ej^ is expressed in terms of the parameter 

_ ~ i(^[v] + Gf^,])] _ 1+35 

^ An “■ 1 A Gj 




0 0 00 

Fig. 40. Rotational levels of an asymmetric top with k — —0.2, The r values are 
given at left, the (equivalent) KaEc values at right. 
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which takes the value -1 for a prolate symmetric top and +1 for an oblate 
symmetric top (while 5 is 0 and - 1 respectively for these limiting cases). Extensive 
tables for Ej^ for /c = - 1 . 0 , - 0.9, . . . , 0 have been given by King, Hainer and Cross 
(670) to J = 12 and by Erlandsson (359) to J = 40. Still more finely subdivided 
tables for a limited range of k near the limiting symmetric top have been prepared 
by Fike (381) and Januzzi and Porto (623), and up to J = 9 for the whole range of 
K values by Blaker, Sidran and Kaercher (123). The usefulness of all these tables 
is extended by the fact that 

Ej^(k) = -Ej_^{-k) (I, 143) 

In most of the tables the levels of a given J are distinguished not by r but by 
Ka and (also designated and K+^), the K values that the levels would have 
in the limiting prolate and oblate symmetric tops: the lowest level has = 0 , the 
two next levels = 1 , and so on, while the highest level has — 0, the two 
next highest = l> and so on. Figure 40 shows the levels up to J = 4 in a fairly 
asymmetric case {k = — 0 . 2 ) wdth both the and the JKaKc designation. It is 
easily seen that 

T = Ka — Kq. (I, 144) 

Approximations for nearly symmetric tops. When the asymmetric 
top is not too far removed from the limiting case of the symmetric top, the energy 
formula (I, 138) can be expanded into a power series in and«/( J + 1 ). Equation 
(I, 138) goes over into the energy formula for the (rigid) prolate symmetric top by 
putting and B = C. For slight asymmetry, may be expressed in 

terms of the asymmetry parameter h as foUow^s [see Townes and Schawlow (40) 
and Davis and Beam (269)]: 

Wf = K2 + C^h + + C 363 H- . . . . (I, 145) 

Polo (999) has shown that this formula may be further developed into a series in 
terms of increasing powers of h and oiJ{J + 1 ). His results can be written 

Kg) = ~ + (7[yj)/(J 4- 1) + + (7ty3)j 

+ + 1)2 + J + 1)3 + . . . 

where the coefficients ABfff , Dfff and are given by, 
for Z = 0: AB»„. = - i + C^)] (1 6= + ^ 6^ + , . . j 

AD“„. = - i (Zm + ( -^ 62 _ ^ + . . . ) 

A-Heti. = — - {Z[„] + C(^])j(— 6^ H ) 


(1, 146) 


(I, 147) 
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for = 1: — g (5[;y] + <^[T;])j X 

4-»!„. - [a., - I iB,., + c,,)] [-s ± H - Jl ‘‘ i ' ■ ^ 

AH;„. . [yl,„ - + C|.,)]|¥j^6’ + J^4‘ T - .-j 

(I, 148) 

for K = 2-. = [a,,, - i (5^ + Oi„)] [g (2 ± 1 ) 6 ^ + (9 ± 4)6* + ■ ■ •] 

^Dett. = Ai^j — - (5[„j + C[i,])j X 

= [^I., - I (Sm + Cm)] (57 + 64)6* + ■ ■ •] (I, 149) 

for Z = 3: AB^„. = | (B^ + 0^)] [i ± Tig + ill ± ' ' ' 

ADI,, = pM - I (-8,, + Cm)] [1 6^ + 1 63 + ^ 6* + . . .' 

AZ3„. = [^M - I (5m + Cm)] [±5T2 - Ai ± • • • 

(I, 150) 

for K = 4: AB|„, = [^m - | (^m + Cm)] (18 ± 1)^^ + ' ' ’] 

ADI,, = [^t„3 - i (Bm + C(„3)] ^L 62 + ^ (46 + 45)6* + - • •] 

AHI„ = [^M - 5 (5m + Cm)] (-6 ± 25)6* + ■ - •] 

(1, 151) 

for Z = 5: ABi„. = [^m - | (5m + Cm)] [j + jIi 

A«„. - i^,., - i IB„, + C„)] [4 6. + ^ 6. + . . .] 

= [^M - I (5m + Cm)] [-^ 6* + . . •] • (1, 162) 

The + signs in the preceding formulae indicate the KAj^e doubling caused 
by the deviation from a symmetric top . This doubling is largest for the K = 1 level s . 
Tor them, by substituting b from (I, 140) and neglecting higher terms than the 
first power of &, one finds the effective B values, 

== + ^ivi) ± ii^ivi “ 


( 1 , 153 ) 
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that is, for the lower component (d) 

"h (I 5 154) 

and for the upper component (c) 

+ C,,,), (1, 155) 

or in other words, the splitting of the = 1 levels is given by 

~ + 1)- (1, 156) 


Similarly one finds for the splitting of the Z = 2 levels, neglecting higher terms 
than the second power in 6 , 




(A.] - Oivir 


(J - l)J(J 4- 1){J + 2 ). 


(I, 157) 


It may be noted that while the Z-type splitting for Z = 1 goes with the first power 
of b, that for Z = 2 goes with the second power, that for Z = 3 with the third 
power. Por Z values higher than 4, as long as \b\ is not too large the Z-type 
splitting is entirely negligible. Also the terms in +1)^ and J^{J + 1)3 
become very small and only a Z independent correction to the effective B value 
remains, namely AZfff. == +•••)• 

The formulae (I, 146-157) can be applied to nearly oblate symmetric tops if 
everywhere (including in b) C and A are exchanged. It must be emphasized that 
these formulae give good approximations to the energy of the near prolate or 
oblate top only when the asymmetry parameter b for 5*, see Vol. II, p. 49) is small 
and J is not too large. At large J values even for fairly small b values many terms 
in the expansion must be included before convergence is reached. 

Another method of approximating the energy levels of an asymmetric top is 
by the use of Mathieu functions (Golden (428), Gora (438a)). This method con- 
verges well for high J and low Z values [see Innes (605) for an application of this 
method to the first excited state of C 2 H 2 ]. Still another method using continued 
fractions has been described by Wait and Barnett (1254). With modern computing 
machines calculation of the energy levels by a direct solution of the original deter- 
minantal equations for the energy is entirely feasible and, as programs become 
available, is becoming preferable to the approximate methods even for small 
asymmetries [see, for example, Bennett, Ross and Wells (110)]. 


Centrifugal distortion. The effect of centrifugal distortions on the energy 
levels of asymmetric top molecules was first discussed in some detail by Kivelson 
and Wilson (676) . Explicit formulae have been given by Polo (999) and Erlandsson 
(360)(361). There are here six distortion constants instead of the three (D/, 

D^) for symmetric top molecules. The three additional ones were originally 
designated 3j, JRg and Rq, but, following Nielsen (936), we designate them Di, 
and D 3 , respectively. In the limiting case of a symmetric top Di = D 2 = Dg = 0. 
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W© shall not consider the rather cumbersome formulae for the general case 
[Kivelson and Wilson (676); see also Allen and Cross ( 1 )] but only present Polo’s ( 999 ) 
expansion for small asymmetry. He finds for the rotational term values of a near- 
prolate asymmetric top 

i^[^3(J, K) = [i^[^;3(Jx)]rigid - + lOBgK^ + SbD^K^iK^ + 2) 

- [{Rjk + ihD^ + QbD2)K^ + 41)3 + AbD^ViJ + 1 ) 

- (d, - bD, - + i)= J3(J + 1)3. 

(I, 158) 

This formula holds for X = 0 and i?: > 3 when the ^-type doubling can be neglected. 
For TC = 1, if = 2 and if = 3 additional terms have to be added which have opposite 
signs for the two components: For the lower component levels with if = 1 (i.e., with 
Kq = J) one has to add 

-iibD^ + 2D2)J(J + 1) + (Di + bDAJHJ + 1)^ - iD^bJ^iJ +- 1)3 (I, 159) 

while for the upper component levels (if^. = J" — 1 ) the same quantity has to be 
subtracted; in addition in (I, 158) the term bD 2 {K^ - 2)/{K^ ~ 1 ) (which would be 
infinite for K = 1) has to be replaced by f 6 i) 2 , and bDJ2{K^ - 1 ) has to be replaced 
by —\bD. Por = 2 the additional terms are (added for the lower, subtracted for 
the upper component) 

+ 2(1)3 - D2b)J{J + 1 ) - (Da - 7)26 - lD^h)J^{J + 1)2 - lD^hJ^{J + 1)3 

(I, 160) 

and for = 3 

+ 12)3 6 J(t/ + 1) - 22)36 J2(J + 1)2 + \D^bJ^{J + 1)3. (I, 161) 

These formulae are approximations and hold only for small asymmetry. Exact energy 
values can be obtained by substituting appropriate matrix elements [see Allen and 
Olson (57)] into the secular equation. 

The distortion constants 2)j, 2)^^, Di, D 2 , 1)3 depend on the potential 
constants of the molecule [see Kivelson and Wilson (676) and Nielsen (936)]. 
For planar molecules only four of the six distortion constants are independent of 
one another [Dowling (304); see also Oka and Morino (947), Hill and Edwards (550) 
and Parker (962)]. Like the potential constants, the centrifugal distortion con- 
stants may have quite different values in different electronic states. Even in a 
given electronic state, there will be a (slight) dependence of all the 2) on the vib- 
rational quantum numbers. 

Symmetry properties of rotational levels. The asymmetric rotor 
functions are distinguished by their behavior with respect to rotation by 180°, 
C 2 °', G 2 and € 2 ^, about the three principal axes. Since one of these operations is 
equivalent to the other two carried out in succession it is sufficient to indicate the 
behavior with respect to two of them; usually C 2 and C^ are chosen. We have 

thus the four different types of rotational levels + +, q — , — h, where the 

first sign refers to the behavior of the corresponding wave functions with respect to 
C 2 ^, the second to the behavior with respect to G 2 [see Vol. II, p. 51]. 

If the molecule has symmetry, additional symmetry properties arise. In 
Volume II (p. 462) the symmetry properties of the over-aU eigenfunctions with 
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+ + + ^, 0 + ++ A, 0 + + + s„ 

/Iff Aq Bzu 

Fig. 41. Asymmetric top species (+ — ) and rovibronic (over-all) species of the 
lowest rotational levels, {a) of a C 2 h molecule in an Ag vibronic state, {h) of a mole- 
cule in Ag and B^u vibronic states. At the left of the levels the designations and the 
parities (for planar molecules) are given. It is assumed that in (a) the two-fold axis of sym- 
metry is the 0 axis, in ( 6 ) the x and z axes are the c and a axes respectively. Note the difference 
in rovibronic species from Figs. 143-145 of Vol. II because of the different choice of axes. 

respect to the rotational sub-group of the point group of the molecule have been 
described. We must now briefly discuss their behavior with respect to the full 
symmetry group. S’ or asymmetric top molecules with a center of symmetry (point 
groups Q, Dah) the full rovibronic (over-aU) species is obtained simply from 
the species in the rotational sub-group by adding the subscript g or %, depending 
on whether the vibronic state is g or u. The reason for this simple rule is the fact 
that the rotational wave function of an asymmetric top remains unchanged for an 
inversion. As examples, we give in Fig. 41 the symmetry properties of the lowest 
rotational levels (a) in an Ag vibronic state of a Caji molecule for which the is 



1,3 


HI 


ROTATIONAL STRUCTURE OE ELECTRONIC STATES 

the c axis and (b) in A^ and vibronic states of a molecule if the a: and 2 
axes are the c and a axes. 

For asymmetric top molecules without a center of symmetry (i.e., point groups 
Cl, Cq, Cg, C 2 v> 1 ^ 2 ) relations are somewhat less simple. For a totall v svmmetrie 
vibronic level we obtain the rovibronic species by establishing the behavior of the 

asymmetric rotator functions as described by the , symbols 

with respect to the symmetry elements of the point group. For this purpose, as 
was shown by Hougen (573), reflection at a plane of symmetry is equivalent to a 
two-fold rotation about an axis perpendicular to that plane. Thus, for a molecule 
of point group Cg if the c axis is perpendicular to the (only) plane of s^mmetri", 
remembering that the first sign of the H — designation refers to € 2 ^, the -f + and 
+ rotational levels will be A', the - + and - - levels will be A" in an A' 
vibronic state ; if the a axis is perpendicular to the plane of symmetry, the -f + 
and - + levels would be A', the -f - and - - levels A"; and if the b axis is 

perpendicular, the + + and levels would be A', the -f - and - + levels A\ 

For an A" vibronic state the rovibronic species are reversed. 

For a C 2 y molecule, if the a axis is the C 2 (z} axis and the c axis the x axis, the 
behavior of the asymmetric top functions with respect to reflection at the yz plane is 
determined by rotation about the c axis while that with respect to C 2 is determined 
by rotation about the a axis. Therefore, in an Aj^ vibronic state the 4- levels 

are Ai, the 4- - levels Eg, the - 4- levels A 2 and the levels Bi. For other 

species of vibronic states the rovibronic species are obtained by multiplication of 
the vibronic with the rotational species. For other orientations of the axes, 
different results are obtained. Figure 42 gives energy level diagrams for a few 
examples and Table 6 gives the correlation of the rovibronic species v ith the species 
of the asymmetric rotor functions for all cases of interest. 

In addition to the rovibronic species, we have to consider the parity 4- or — 
of each rotational level, that is, the behavior of the eigenfunctions with respect to 
inversion (irrespective of whether or not the molecule has a center of symmetry). 
As previously, for non-planar molecules each rotational level is double, consisting 
of a 4- and a — sub-level which correspond to the possibility of inversion. These 
two sub -levels are separated by a measurable amount only if the barrier separating 
the two equilibrium positions is small. Except in this fairly rare case, the parity 
classification is unimportant for non-planar molecules. For planar molecules, an 
inversion doubling does not arise: a rotational level is either "positive” or 
“negative”. In a totally symmetric vibronic state the 4- 4- and 4 — rotational 

levels are “positive”, the — h and levels are “negative” (see Vol. II, p. 465). 

These parities (4- or — ) are indicated at the left of Figs. 41 and 42 for A g, A 1 and A' 
vibronic levels. The same parities apply also to those non-totally s;^mmetric 
vibronic levels that are symmetric with respect to the plane of the molecule, e.g., 
B 2 U of D 2 n, (Fig. 41), Bz of Czv if the plane of the molecule is yz, and B^ of Czn- 
The parities are reversed for those vibronic states whose eigenfunctions are anti- 
symmetric with respect to the plane of the molecule, e.g., Az and Bi of Czv) -^u 
and Bg of Note that Figs. 41 and 42 apply to non-planar as well as planar 



Cg {cl. cr ) 


HZ 


ELECTRONIC STATES 








113 


I, 3 ROTATIONAL STRUCTURE OF ELECTRONIC STATES 


Table 6 . Kovibronic (over-all) species of asymmetric top molecllbs 



Point group and vibronic 

species 

Asymmetric 


c. 

Cs 

rotator 

(c _L <t) (<2 j_ a) (6 X <y) 


{C 2 = c) (C2 = a) 

designation 





A' A" A' A" A' A" 

Ag Ay 

A B A B 


A A A' A" A* A" 

Ag Ay 

A B A B 

+ - 

A' A" A" A' A" A' 

Ag Ay 

A B BA 

- + 

A" A' A' A" A" A' 

Ag Ay 

BA A B 


A" A' A" A' A' A" 

Ag Ay 

i 

BA BA 




Point group and 

vibronic speciei 




Czv 




Asymmetric 

{G2 = a = 

(Ca = 6 = z, 

(C 2 = C=:Z, 

(02 = Z = C) (C 2 = 2 = 6 ) 

C2 = s = 

rotator 

X — c)^ 

X = c)^ 

X = aT 



designation 

Ai A2 Bi B2 

Ai Aa Bi B2 

A\ Aa Bi B2 

Ag Ay Bg Py Ag Ay Bg By 

Ag Ay Bg By 

+ + 

Ai Aq Bi B2 

Ai Aa Bi B2 

Ai A2 Bi B2 

Ag Ay Bg B Ag Ay Bg B^ 

B. 

+ - 

B2 Bi A2 Ai 

B2 Bi Aa Ai 

Aa Aj^ J?a Bi 

Ag Ay Bg By Bg By Ag Ay 

B, B., . 4 , . 4 .. 

- + 

A2 Ai B2 Bi 

Bi Bz Ai A2 

B2 Bi Aa Aj 

Bg By Ag Ay Bg By A g A y 

. 4 ,. 4 .,B, B„ 

— 

Bi B2 Ajl a 2 

Aa Ai B2 Bi 

Bi B2 Ai Aa 

Bg By Ag Ay AgAyBgBy 

Bg B.J Ag A.g 


Point group and vibronic species 


Asymmetric 

rotator 

designation 

(z = a, tr = c)*^ 

Ag Ay Big Biy B2g B 2 U Pag 

+ + 

Ag Ay Big Biu B2g B2U Bzg 

+ - 

E^g Esu E2g B 2 U Elg Bly Ag 

- -1- 

Elg Bly Ag Ay B^g B B 2g 

— 

Ezg E2U E^g Bqu Ag Ay Big 


{z = b, X = c)® 


Esu 

Ag 

Big 

Ezg 

Ezg 

Bsu 

Ag 

Big 

Ezg 

Ezg 

Au 

Ezg 

Ezg 

Big 

Ag 

Ezu 

Bag 

Ezg 

Ag 

Big 

Eiu 

E^g 

Ag 

Ezg 

Ezg 


{z ^ c, X — bf 

Ag Big B^g Bsg 


Ag Big B 2 g Bzg 
Big Ag B^g Bzg 

Bzg Esg *^g ^^5 

Bsg B2g Big Ag 


a For X = b exchange Bi and B2- 
b For X = a exchange J 5 i and JSa- 
c For Dz omit g and u. 
d For X = b exchange Bz and JS3. 

e For X = a exchange Bz and B3; for odd vibronic species all ro vibronic species are odd, otherwise they are the same 
as for the corresponding even species. 

molecules except that for the former always both + and — parity arise for each 
level shown. 

It win be seen from Figs. 41 and 42 that in planar molecules levels with 
different parity also have different rovibronic species. Therefore, parity does not 
give any additional information not already contained in the species when the fall 
symmetry group is used. However, when the rotational levels of planar molecules 
are classified according to the rotational sub-group (as was done in Vol. II), the 
parity designation does add new information. In other words, for planar molecules 
the use of the species of the rotational sub-group and the parity is equivalent to the 
use of the species of the full symmetry group. 
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In order to ascertain the statistical weights of the rotational levels of different 
over-all (rovibronic) species, it is again sufficient to consider the rotational sub- 
group just as for symmetric top molecules. Rotational levels of those rovibronic 
species that differ only on account of the use of the full symmetry group have the 
same statistical weight. Thus, if the identical nuclei in the molecule have zero 
spin (7 = 0) and follow Bose statistics, only the A rotational levels occur. The 
levels A' and A" of point group Q have the same weight and both occur for 7 = 0, 
and similarly Ag, A^oi point groups Q, and D 2 h^ ^2 point group Csy. 
If the nuclear spin 7 is different from zero, both A and B levels occur. For the 
point groups C 2 , and Cay with a single axis of symmetry, the ratio of the 
statistical weights of the A and B levels is determined in the same way as for 
corresponding linear molecules (see Vol. II, p. 54). For example, in molecules 
with a single pair of identical nuclei which obey Fermi statistics and have spin 
7 = J, like HgO, H2CO, HgOa, . . . the B levels have three times the weight of the 
A levels, while for 7 = 1 (Bose statistics), the B levels have one -half of the weight 
of the A levels. 

For the point groups Dg and with three mutually perpendicular axes of 
symmetry, there are four species of the rotational sub-group: A, B^, B 2 , Bq whose 
statistical weights depend on the spins of the identical nuclei present (see Vol. II, 
p. 54). Again if all nuclei have 7 = 0 only the A levels (that is, Ag and A^ in 
D 2 h) occur. If there are four nuclei of spin 7 = as in C2H4, all levels occur, the 
weight ratio being 7:3:3: 3 for A, Bi, B 2 , Bq. If in addition there is one pair of 
nuclei with 7 = J on the 2: axis as in the ratio is 16:24:12:12. For other 

examples, see Table 11, p. 54, of Vol. II. (Note, however, the different choice of 
axes adopted internationally since publication of Vol. II; see Mulliken (912).) 

The effect of the nuclear spin on the relative statistical weights of the two 
nearly coinciding levels of non-planar molecules, which correspond to inversion, 
has been discussed in Volume II, p. 466. 

Sum rules. As was mentioned in Volume II, p. 49, the average of all 
asymmetric top levels of a given J follows the formula of the simple rotator with 
an average rotational constant. This conclusion holds even when centrifugal 
distortion is included. One finds 

y F[J^) II ] \ 

trTT = 3(^ + ^ + ^ + g^ir- + 1) 

- (i), + I + g + 1)^ (1. 162) 

For each type of rotational level ( + +,+-,- 4., ) separate sum rules 

hold for each J value which are important for the evaluation both of the rotational 
constants A, B and G and of the centrifugal stretching constants. These sum 
rules, first formulated by Mecke (818) for the rigid asymmetric top, have recently 
been given explicitly by AUen and Olson (57) for the non-rigid asymmetric top 
[see also Erlandsson (360) and Hill and Edwards (551) who have introduced into 



Sum rules for asymmetric top molecules 


ROTATIONAL STRUCTURE OF ELECTRONIC STATES 

I I ^ ^ ^ {c n « CO TO es 

c. ::::i c; c:; 


« N (M Ci (M CM 

CjQQCiqQ 

T*< CM xH O O 
r-c (M O 00 


COTOCOOOCO rHTHrtrHi-liH COCOMCOTOTO r^T^r^T-^.-|T^ 

qqqc^Q Qqqqqq qqqqqq 

COQOOOOO OOQOr*COOrt< 

rHCMCMOOCO CC’rHOOCO CDCMOOCM C0-^00:0 

I— iccoouo I— I'^cat^ ffocoo i--C'<^icstr* 

rH rH r-H 

+ 1 + 1 + I + I + I+ ll + l + l + I + I + I 

qqqqq CiqQQC^c^ qqqqq qqqQQQ 

COOCMCMOO <M<Ml>r' OCOCMCMQO CM(Mr-t> 

F-irHt>I>CO OOOOOO f-Ci— ic-r-co CX300OO 

(M(M»0 l>-I> (MCMIO I>-t> 


■^OOOOfM (MOOOOO 
<MThOO >0 (MOlOt- 

■rH CO CO r-( CM O 


:< ic; icj {<; « uj 14 

q^q^q"q"q^ ^qq^; 

"^ODOOCqi 'MOOC 
-M rlH O O iC <M : 


qqqqq qqqqqq qqqqqq 

(M'^OOCO ^COOOOOCM TlctOOOO.O'r? 
£>•^0010 C000OOC5 ffoooooca 
i-HMOOO (MOOI><M <MOOI>CM 

fH pH C- (MO (MO 


00000 qqqqqq oooooo 
qqqqq SS,S££ 3 , 

+ + + + +'^ o©"o”o” 

-r-r-r-r-r 

_j. 4 . 4 . 4 . 


+ + + + + 

00000 

O O O 
(M CM 10 


njj 

Tic O O cc 
(M CM O 


+ + + I 
ffo 

q q q q 
+ + + + 

H^nqi (TO CO lO 
+ I 1 J I t 
■c CM 00 lO CO 


q q q q 


c 5 cMcoTicio^ 

qqqqqq qqqqqq qqqqqq 


+ 

+ 



116 


ELECTRONIC STATES 


I, 3 

the sum rules the relation between the centrifugal stretching constants in planar 
molecules]. We shall not reproduce the general formulae here but give instead in 
Table 7 the sums in terms of the rotational constants for levels up to J = 6 for each 
rotational species. This table is an extension of Table 8 of Volume II to include 
centrifugal corrections. The sum rules are valid for any degree of asymmetry. 

As can be seen from Table 7 in order to determine the rotational constants 
from the observed levels one must form sums of term values, and differences of the 
sums, for each rotational species. From the explicit formulae of Allen and Olson 
(57) one finds 

12 ^J) -2f*-(J) + 2f- ^J) - 2 

= (A -f Dk "f + 1) — "b -£)/ + Ej^^)J^{J 1)^ 

12 F^^iJ) - 2 F^-{j) - 2 F-*{j) + 2 

= {£ + 41)2 - 8Da)J{J + 1) - {Dj + 2Z)i - 2D^)J\J + 1)^ (I, 163) 

= (C - 41)2 - 8Z)3)J(J + 1) - {Dj - 2Di - 2D^)J\J + 1)^ 

Here the sums are over all levels of given symmetry (indicated by the superscript) 
and given J, i.e., the same sums as in Table 7. It is seen that in each case the 
dependence on J is like that for a diatomic molecule, the coefficient oi J{J + 1) 
being essentially A, B or C and the coefficient of e/^(J + 1)^ being a combination 
of centrifugal stretching constants. In order to apply either (I, 162) or (I, 163) it 
is necessary to know all the levels of a given J. 


Spin splitting. Unlike linear and symmetric (or spherical) top molecules, 
an asymmetric top molecule cannot have an electronic orbital angular momentum 
and therefore in general the splitting of levels due to non-zero electron spin is small. 
In a direct way such a splitting can only be caused by the interaction of the spin 
with the very small magnetic moment arising from the rotation of the molecule as 
a whole. However, there is also an indirect effect of the coupling of the spin S 
with the orbital angular momentum L even though the latter is on the average 
equal to zero (i.e., even though the diagonal elements of L vanish). 

A detailed theoretical discussion of the spin splitting in asymmetric top mole- 
cules has been given by Henderson (493) and Haynes (1059) [see also Lin (752)]. 
Their formulae adapted to symmetric top molecules have already been used for 
the discussion of the spin splitting in these molecules (p. 88f). For asymmetric 
top molecules, additional terms arise in the splitting formulae. 

Using, as previously, N to designate the angular momentum of the molecule 
apart from spin, and assuming that in the previous energy formulae J is replaced 
by W, we have again for the two components of a spin doublet, i.e., for | 


',(W,) = Fo(iV,) + \yN 

^{N,) = Fo(N,) - iy(N + 1 ) 


where refers to the component with J W + J and F^ to that with / = W - 
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As before, Fq(N^) is the energy without spin splitting given by (1, 138) except that 
is replaced by N^. The splitting constant y is in a first approximation given by 
the same formula as for symmetric top molecules except that for the K — I levels 
(c and d) which are now usually fairly widely separated the splitting constant 
differs slightly. Raynes (1059) gives as a first approximation 

^ " '' NiN + I) + ^ ^ 

Here K is K^, or depending on whether the molecule is nearer a prolate or nearer 
an oblate symmetric top; /c and^ are the same spin-rotation constants as previously 
is negligible for K > 1, 171 is directly equal to Van Vleck’s (1238) spin-rotation 
constant b which depends on the difference of spin rotation coupling in the b and c 
axes. Henderson (493) has given formulae for the difference in splitting constants 
for levels with K > I but this difference decreases rapidly with K and will not be 
considered here. For a more elaborate treatment including a consideration of 
hyperfine structure see Lin (752) and Curl and Kinsey (260). 

As an example, we give in Fig. 43 the observed doublet sphtting in the ground 
state of NH2 as a function of N from the data of Dressier and Ramsay (308). 
The broken line curves correspond to k = 0.335, jLt = 0, 771 = 0, i.e., to the sym- 
metric top approximation [see Herzberg (523)]. The full curves correspond to 



Fig 43. Comparison of observed and calculated doublet splittings in the g^^ 
state of NH, as a function of N and K The broken hue c^es “o o°l1 ~ 

0.335, jLt = 0, 771 = 0; the Ml-line curves with k = 0.335, (x, — 0.02, 771 - U.Oib. 


The spin-rotation constant « should not be confused with the asymmetry parameter * 
defined by eq. (I, 142). 
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K = 0.335, fi = 0.02, 7^1 = 0.016. It is seen that introduction of the asymmetry 
term gives a slightly better representation of the observed data; but the fairly large 
difference in splitting in Z-type doublets with > 1 is not represented. For a 
discussion of the doublet splittings in NO 2 and CIO 2 see Raynes (1059). 

For triplet states of asymmetric top molecules, just as for symmetric top 
molecules, an additional term arises in the splitting formulae [see eq. (I, 124)]; 
but now this additional term depends on which Z-doubling component is con- 
sidered. We shall not discuss the extended formulae here since no cases have yet 
been observed in which it was necessary to introduce these refinements. The only 
triplet states of asymmetric top molecules for which the triplet splittings have been 
resolved are the ^A 2 excited state of H 2 CO [Di Giorgio and Robinson (278) (1077), 
Raynes (1059)] and the excited state of SO 2 [Merer (822)]. In both cases the 
evaluation has been made in terms of the symmetric top approximation (eq. I, 124). 
The term in A is found to be much larger than the terms in k and In agreement 
with expectation the splittings are small compared to the rotational energy. 

Perturbations. In addition to regular perturbations which lead to system- 
atic deviations of levels from their “normal” positions or to splittings of near 
degeneracies, there are also here, as for linear molecules, irregular perturbations 
which affect only a few rotational levels of a single vibrational level. They may 
be of the homogeneous type, that is, be caused by interaction between two vibronic 
states of the same species having accidentally nearly the same energy for a small 
range of J values {Fermi interaction), or they may be of the heterogeneous type, that 
is, be caused by the interaction of two vibronic states of different species {Coriolis 
interaction). The difference from the otherwise similar situation in rotation- 
vibration spectra (cf. Vol. II, p. 466) is that now the two interacting states may 
belong to different electronic states. While the homogeneous perturbations are 
then caused by vibronic interaction, the heterogeneous perturbations are caused 
by the interaction of rotation and electronic (or vibronic) motion. The Coriolis 
forces produced by the rotation cause an interaction between vibronic states whose 
species differ by the species of a rotation. Because of the lower symmetry of 
asymmetric top molecules, such perturbations are liable to be more frequent for 
them than for more symmetrical molecules. On the other hand, they are harder 
to detect since the rotational energy formulae are more complex. Very few 
examples of this type are known. 

(e) Other types of molecules 

Molecules with free internal rotation. If there is free internal rotation 
of one part of a molecule against the other, there is an additional term in the 
rotational energy formula corresponding to this internal rotation. In the simplest 
case of a symmetric top molecule, when two equal parts can rotate relative to 
each other (e.g., dimethylacetylene), this additional term is 

AKi^ 


(1, 166) 
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where A is the over- all rotational constant for rotation about the symmetry axis 
and if j is the quantum number of internal rotation which can assume the values 
0, 2, 4, ... for even K and 1 , 3, 5, ... for odd K. A few less symmetrical molecules 
have been discussed in Volume II, p. 492. For further details see Wilson, Lin and 
Lide (1307), Burkhard and Irvin (164) and the review article of Lin and Swalen 
(753). The energy formulae become much more involved when degenerate 
vibrations are excited. The rotational (and vibronic) levels must then be classified 
according to the more general point groups mentioned earlier (p. 11) rather than 
the standard point groups. The case of dimethylacetylene has been discussed on 
this basis by Bunker and Longuet-Higgins (162) and Hougen (575). We shaU not 
consider these complications further since clear-cut examples in electronic spectra 
have not yet been found. One must, however, be prepared to find excited states 
of molecules in which free internal rotation exists even though there is no free 
rotation in the ground state. 

Molecules with hindered rotation. When the internal rotation is not 
free, that is, when there are several potential minima as the two parts of the 
molecule are rotated with respect to each other, in a first approximation the 
molecule can be considered as a rigid molecule of the type discussed in the preceding 
subsections, with one fairly low vibrational frequency corresponding to a torsional 
vibration. However, as the amplitude of the torsional vibrations is increased or 
the barrier separating the minima is lowered, a gradual transition to the levels for 
free internal rotation takes place. This transition has been described in some 
detail in Volume II, p. 494. We shall not discuss it further here, but only refer to 
Wilkinson and Mulliken’s (1303) discussion of the transition from hindered to free 
rotation for some of the excited states of C2H4, and the review of Lin and Swalen 
(753) [see also Hecht and Dennison (486) and Evett (368)]. 

Molecules with inversion doubling. When a small inversion doubling is 
present in a non-planar molecule, each inversion component has rotational levels 
of the same type as discussed in the preceding subsections. However, for larger 
inversion doublings, or for very precise measurements of molecules with small 
inversion doubling, the mutual interaction of inversion and rotation must be taken 
into account. In a first approximation one finds that the two components have 
very slightly different values of the rotational constants. For all practical cases of 
electronic spectra this is a sufficient approximation. For the interpretation of 
microwave spectra, higher approximations are required [see Tovmes and Schawlow 
(40)]. There is also an effect of this interaction on*the Lt5rpe doubling in symmetric 
top molecules which has been observed in the microwave spectrum of NH3 where 
it is proportional to the sixth power ofJ [Nielsen and Denmson (937), Costain (232)]. 
Again, these effects are not likely to be observed in electronic spectra. 

Quasi-linear molecules. When a molecule is only slightly bent, with 
increasing amplitude of the bending vibration, a transition of the rotational levels 
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from those of a nearly symmetric toj 
Such a transition has already been 



Fig. 44. Potential energy as a func- 
tion of the bending coordinate (^) in 
a quasi-linear molecule. 


Thorson and Nakagawa (1216) 


to those of a linear molecule takes place, 
briefly discussed in connection with the 
transition from small to very large Eenner- 
Teller interaction (see Fig. 7). How- 
ever, it occurs also when no Eenner-Teller 
interaction is involved, that is, when in 
the linear conformation the molecule is in a 
E state. A detailed discussion of the 
energy levels has been given by Thorson 
and Nakagawa (1216) and Dixon (285). 
The former authors introduced the name 
quasi-linear molecules for molecules for 
which a transition from a bent to a linear 
conformation can easily occur. The poten- 
tial energy as a function of the bending co- 
ordinate is of the form given in Fig. 44. 
It is characteristic of quasi-linear molecules 
that the central maximum is not very high 
and that the two minima occur for com- 
paratively small bending angles. 
ve used the expression 


V = 


-f 


K. 


(I, 167) 


to represent a potential function of the type of Fig. 44 while Dixon (285) has used 
[see also Chan and Stelman (185)] 

V = 4- (I, 168) 

Here x is the bending coordinate (often called r) and Kb, c, a, ^ are constants. 
It must of course be realized that the two minima of Fig. 44 are not separate minima 
since there is axial symmetry about the axis of the linear molecule. Figure 44 
must be rotated about the ordinate axis to represent fully the potential function. 

In Fig. 45 is shown schematically the correlation of energy levels for zero and 
finite height of the central hump. The quantum number I at left corresponds to 
K at the right and must be conserved in the correlation. As a consequence com- 
ponents of different vibrational levels at left become components of a single 
vibrational level at the right and vice versa. 

Thorson and Nakagawa (1216) have given detailed graphs showing the way in 
which the levels change as a function of the barrier height, that is, have given a 
quantitative formulation of the schematic diagram Fig. 45. What is of even 
greater interest for the interpretation of actual spectra is the way in which the 
intervals between successive vibrational levels (the AO values) vary for a given 
barrier as one goes from the lower levels below the barrier to the higher levels above 
the barrier. This question has been studied by Dixon (285). We present in Fig. 
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degenerate electronic state. The height of the barrier increases from left to right; the 
energy curves are only qualitatively correct. 


46 his results for the LG values for several values of K aud a barrier that is 20 
times the vibrational frequency that would arise if the term in (I, 168) 

were disregarded. The interesting result is that there is a minimum in the 
K) values near the top of the barrier, a minimum that is most pronounced 
for the lowest K values. Such a behavior of the LG values was first observed by 
Eamsay (1042) for PHg and PD 2 and is interpreted by Dixon as produced by a 
potential hump in the upper state. On this basis the angle of the molecule in this 
state is estimated to be 120°. 

In Fig. 47, following Dixon, an energy level diagram is shown for the same case 
as Fig. 46. The change-over of the energy levels from those of a nearly symmetric 
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Fig. 46 . Variation of vibrational quantum AG as a function of vibrational energy 
G in a quasi- linear molecule for various values of K near the top of the barrier, after 
Dixon (285). The average energy and the AG values are given in units of the vibrational 
frequency coq which would apply if there were no barrier. The barrier height is assumed to 
be 20a)o. Note that above the top of the barrier the vibrational spacing for a given K (i.e., 1) 
tends to 2ct)o since even and odd I values alternate; below the top the spacing tends to 2ajo 
because the potential function is twice as narrow. 

top at the bottom to those of a linear molecule at the top of the diagram is clearly- 
seen. 


4. Effects of Magnetic and Electric Fields on the Energy Levels 

Zeeman effect in non- degenerate electronic states. Just as for atoms and 
diatomic molecules, if a polyatomic molecule is brought into a magnetic field, only 
certain orientations of the total angular momentum J are possible such that the 
component in the field direction is M{hl27r) where 

M = (I, 169) 

(see Fig. 3, p. 17, of Vol. I). If the molecule has a magnetic moment /x, the 2 J -f 1 
states of different M will have slightly different energies. . We have 

W = Wo- PLhH: (I> 170) 

where TFo is the energy of the molecule in the absence of a field, /Ih is the mean value 
of the component of the magnetic moment in the field direction, and E is the magnetic 
field intensity. 

For molecules in non-degenerate singlet electronic states no permanent magnetic 
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0 12 345678/r 


Fig. 47. Energy levels of the bending vibration of a quasi-linear molecule near the 
top of the barrier, after Dixon (285). The two horizontal broken lines give the energies of 
the minima and of the maximum of the potential energy. Note that G = 0 in this and the 
preceding figure does not correspond to the minimum of potential energy for the assumed 
barrier but does so only for the hypothetical case that a = 0 in eq. (I, 168). 

moment is produced by the electronic motion. Only the rotational motion produces a 
magnetic moment which consists of a positive contribution by the nuclei of the order 
VJ{J + 1) nuclear magnetons and a negative contribution of the same order of 
magnitude by the electrons. One finds just as for diatomic molecules (Vol. I, p. 299) 
for the magnetic moment of the molecule in the direction of J 

fjij = g,Vj{jTT) fion (I, 171) 

where fion is the nuclear magneton [= {6l2mpC)hl27T; rrip = mass of proton], and the 
Lande g factor, is of the order of 1. Since the angle between J and the field direction is 
given by 

cos (J, H) = ^ (I, 172) 

VJ{J + 1 ) 

and since = f^j cos {J, H), we obtain, by substituting into (I, 170), for the energy 
in the fiield 

(I, 173) 


W — Wq — griiQjIM, 
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Thus, each rotational level of given J is split into 2J + 1 equidistant components. 
The magnitude of Qr depends inversely on the separation of the electronic state con- 
sidered from other electronic states [see Townes and Schawlow (40)]. In exceptional 
cases, if a suitable electronic state is close by, <7, may become much larger than 1. 

For linear molecules, just as for diatomic molecules, gy is a single constant for a 
given non-degenerate electronic state (since J is always perpendicular to the inter- 
nuclear axis). Therefore the magnetic splitting between adjacent component levels 
is the same for different rotational levels of this state. However, for non-linear mole- 
cules, gy is different for different orientations of J with respect to the molecular frame, 
and therefore the splitting is different for different rotational levels of one and the same 
electronic state. Indeed, for the general polyatomic molecule, Qy is a tensor whose axes 
do not necessarily coincide with the principal axes of inertia. However, they do 
coincide with them when the molecule has symmetry such that the axes are determined 
by it. This is the only case we shall consider. For an asymmetric top we have then 
three g values Qbb> 9cc corresponding to the rotational magnetic moments in the 
three inertial axes. For a prolate symmetric top, = g^c, and one finds for g^ [see 
Townes and Schawlow (40)] 


9bb + {9a. 


V(J + 1) 


(I, 174) 


If ^ = 0, J" is perpendicular to the top axis and gy — g^t* that is, gy is determined 
entirely by the g value for the 6 axis. For an oblate symmetric top g^a = Obb and g^a 
in (I, 174) must be replaced by Pcc* 

For asymmetric top molecules, the three quantities gaa, gbb> Qcc all different, and 
the expression for gy is more complicated. Schwartz [as quoted by Burrus (167)] gives 


1 / . X . 

7r = 2 2J{J + 1) 


2J{J + 1) 8k 


-[(1 + K)gaa — ^9bb + (1 — K)gcc] 


(I, 175) 


where Ej^ and k are the quantities introduced in (I, 141) and (I, 142). It is readily 
seen that (I, 175) goes over into (I, 174) when/c= — l,Fj^ = 2K^ — J{J -h l)andyce = 
According to (I, 175), gy is different for every rotational level of an asymmetric 

top. 

In Table 8 we give the observed values of the g factors for a few molecules in their 
ground states. No values for any excited singlet electronic states are as yet available. 
It should be emphasized that (I, 175) does not apply to molecules (like HDO) for which 
the inertial axes are not determined by symmetry. For this case we refer to the 
discussion in Townes and Schawlow (40). 

The Zeeman splittings in multiplet states {S ^ 0) are quite different from those in 
singlet states. In an orbitally non-degenerate state, the resultant spin S is always 
weakly coupled to the axis of rotation (because the magnetic moment associated with 
rotation is so small) and therefore it is readily uncoupled by an external magnetic field. 
Therefore, if the field is sufficiently large, we have a splitting into 2S + I components 
characterized by the quantum number Ms) = SyS — 1, . . S). The energy 
formula is in first approximation 

W ^ Wo - msiJioH (I, 176) 

where fio is now the Bohr magneton, not the nuclear magneton^®. The splitting in 

Strictly speaking, the factor 2 in this formula must be replaced by 2.00229 corresponding 
to the anomalous magnetic moment of the electron. But (I, 176) is not accurate to this 
degree anyway. 
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Table 8. Lande g eactobs fob tee electeonio ground states of some molecuxes 


Molecule 

g factor 

References 

Molecule 

g factor 

References 

N2O 

±0.086 

(625) 

H2O 

= + 0.585 

(40) 

CO2 

(-)0.05508 

(184) 


Qbb = +0.742 


CS2 

(--)0.02274 

(184) 


9cc = +0.666 


ocs 

- 0.02889 

(625)(184) 

H2S 

9aa = + 0.355 

(167) 


-0.04903 

(184) 


Pbj, = +0.195 


NH3 

Pec = 0.484 

(362) 

1 

= ± 0.209 



Qbb ” 9aa ~ 0.560 


SO2 

Qaa = ±0.606 

(167) 

CH3CCH 

ffaa ~ ± 0.31 

(250) 


gu, = ±0.123 



Ifft,!.! « Iffaal 



S'cc = ± 0.074 


CF4 

0.031 

(184) 

O3 

ffaa = ± 2.960 

(167) 

Ni(CO)4 

0.0179 

(184) 


ffbi, = ± 0.227 


Fe(CO)5 

0.0210 

(184) 


STeo = ±0.086 





H2CO 

ffaa = -2.90 

(686) 





ffbb = ±0.35 

(687) 





ffee = ± 0.02 



this case is more than 1000 times as great as without the presence of a spin and in a 
first approximation is independent of J and K. 

For small fields the energy formula becomes much more complicated. Each level 
of given J splits into 2J + 1 components with different gr-factors for different J. 
While for very small fields this splitting would be linear with H, for intermediate fields 
it is no longer linear with H. With further increase of the field, the levels of a given 
spin multiplet form 2S + 1 groups of 2N + 1 levels each (where N is the quantum 
number of the total angular momentum without spin). The centers of these groups 
are given by (I, 176). For a detailed discussion of the whole transition from small to 
large fields for a state of a diatomic molecule we refer to Tinkham and Strandberg 
(1222). Their treatment can be applied directly to states of linear molecules. 
Except for a brief discussion of the Zeeman effect in the microwave spectrum of CIO 2 
by Tolies, Kinsey, Curl and Heidelberg (1223), no general discussion for non-linear 
molecules has as yet been given. For a specific case, the first excited state of CS 2 
(in which the molecule is non-linear), Douglas and Milton (298) and Hougen (576) have 
given a detailed discussion. Here the situation is complicated by the fact that the 
spin splitting is very large and only one triplet component B 2 is observed. This 
component shows a Zeeman splitting increasing rapidly with J and reaching values 
comparable to those given by (I, 176) at high J, when the three triplet components are 
strongly mixed. 

Zeeman effect in orbitally degenerate electronic states. If in a linear 
molecule an electronic orbital angular momentum A is present, there will be a magnetic 
moment /la = A/xq in the intemuclear axis. The component of this magnetic moment 
in the direction of J is 

and therefore we find, taking accoimt of (I, 172), for the average component in the 
field direction. 

jS?M 

j(j + 1 )^ 


P'H — 


(I, 177) 
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and thus for the energy in the field 

W= Wo- (I, 178) 

We see that the over-all splitting {M = ±J) decreases inversely as J+ 1- For very 
low J values it is of the order of the normal Zeeman splitting. 

If in addition the spin S is different from zero, we have a magnetic moment 
(A 4- 22)/^o internuclear axis as long as the spin is strongly coupled to the axis 

such that its component S is S, S —I, . . —S [Hund’s case (a)]. Here again the 
over-all splitting is inversely proportional to J + 1 for each multiplet component (see 
VoL I, p. 301). On the other hand, in Hund’s case (b) when the spin is coupled to the 
axis of rotation we have, at least for large J, a splitting into 2S+1 components given 
by (I, 176) modified by the effect of the orbital magnetic moment which again decreases 
with increasing J (see Vol. I, p. 303). 

Similar Zeeman splittings arise if a vibrational angular momentum is present as 
well as an electronic orbital angular momentum except when the resultant angular 
momentum K about the linear axis is zero, that is, for E vibronic levels. For such 
levels we must go back to eq. (I, 173) for the splittings. However, one may expect 
that gr will be anomalously large for the same reasons that the spin- splitting constant 
y is large in or vibronic states of ^H or ^H electronic states (see p. 77f). No 
examples to check this prediction have as yet been studied. 

No general discussion of the Zeeman splittings of orbitally degenerate states of free 
non-linear molecules has yet been given. Child and Longuet-Higgins (194) state that 
the splitting will be directly proportional to the quenching parameter d (see p. 64) 
when Jahn-Teller interaction is small. One expects therefore that the energy formula 
is 

w= Wo- (I, 179) 

that is, that the splitting increases with K but decreases in the same manner as before 
with J. 

Zeeman splittings in orbitally degenerate multiplet states of non-linear molecules 
have not yet been considered in the literature. 


Stark effect. In an electric field also, a splitting of most molecular energy levels 
arises. Similar to the magnetic case we have for the energy in a field of intensity E 

W ^ Wo- IXeE (I, 180) 

where pi^ is now the mean component of the electric moment /x in the field direction. 

As was shown in more detail in Volume I, a linear (first order) Stark effect arises 
only if the molecule has a permanent electric dipole moment and if in addition 
the angular momentum, K, about the symmetry axis is not zero. Assuming that the 
permanent dipole moment fjL lies in the direction of the top axis (as is necessarily the 
case for genuine symmetric tops) we see immediately that, just as in the magnetic case, 


and thus 


and therefore 



(I, 181) 
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We have a splitting into 2^4-1 component levels whose spacing increases linearly 
with E just as in the magnetic case. The proportionality factor, /xivJ/ 1)], is 

given directly by the dipole moment and the quantum numbers of the state considered. 
An experimental determination of the splitting allows therefore a simple and direct 
determination of the dipole moment provided the quantum numbers are known. 

In the approximation of eq. (I, 181) no splitting arises for the levels with iC = 0 
because for them the dipole moment is perpendicular to the axis of rotation. For the 
same reason, for linear molecules in states no splitting arises. But in the next 
approximation when the interaction with neighboring levels is taken into account a 
Stark splitting does arise for K = 0; however, it is proportional to the square of the 
field intensity {quadratic Stark effect) and is in general very much smaller than the 
linear effect discussed above except at very high fields. A quadratic effect also arises 
for the levels with K ^ ^ which show a linear effect. According to Tovmes and 
Schawlow (40) the energy is given to second order by 


W = 


Wo 

xi 


KM 

+ 1 )'^ 2B/IC 

■(J2 _ K2)(J2 _ M^) [(J + If - + 1)® - M% 

J^i2J - 1)(2J +1) (J + lp(2J + 1)(2J + 3) ) 


(I, 182) 


Here B is the rotational constant for the (prolate or oblate) symmetric top. For 
K = 0 eq. (I, 182) simplifies to (V, 97) of Volume I. Higher order terms as well as 
numerical tables and graphical representations of the Stark energy levels of sj-mmetric 
tops have been given by Shirley (1127), and a graphical presentation of the Stark levels 
in asymmetric tops by West and Mizushima (1290). 

For molecules without a permanent dipole moment the Stark splittings in a given 
electronic state depend on perturbations by other electronic states and are therefore 
very much smaller than even the second order Stark splittings of molecules with a 
dipole moment. 



CHAPTEE II 


ELECTRONIC TRANSITIONS 

In Chapter I we have discussed the various types of electronic states and their 
associated vibrational and rotational levels for various classes of polyatomic 
molecules. For a comparison of these theoretical results with experiment it is 
necessary now to consider the transitions between these levels. Just as for di- 
atomic molecules, transitions from the vibrational and rotational levels of one 
electronic state to those of another give rise to a band system, except that now, in 
general, the structure of such a band system is much more complicated. Most 
band systems of polyatomic molecules have been observed in absorption only, but 
a few have been observed in emission. 

1. Types of Electronic Transitions 

As for diatomic molecules we distinguish allowed and forbidden electronic 
transitions. Allowed electronic transitions give rise to the most intense absorption 
spectra of polyatomic molecules. But forbidden electronic transitions do occur 
weakly and are, in fact, much more important for polyatomic than for diatomic 
molecules. 

(a) Allowed electronic transitions 

We consider an electronic transition as allowed if it can occur as an electric 
dipole transition according to the selection rules to be discussed below, without 
taking account of the interaction of vibration or rotation with the electronic 
motion. In other words, we consider an electronic transition as allowed if it can 
occur for fixed nuclei. 

General selection rule. Let and ipl be the electronic eigenfunctions of 
the upper and lower state respectively of an electronic transition, and let both 
states be non-degenerate. The transition will be associated with an electric 
dipole moment, that is, it will be allowed, if and only if the matrix element 

-^e'e" = J is different from zero. (II, 1) 

Here M is the dipole moment vector whose components are 2 2 ^iVi 

2 (see VoL I, p. 19). In other words, an electronic transition between non- 
degenerate states is allowed if the product 

(n,2) 
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is totally symmetric for at least one orientation of M, that is, if the product 
belongs to the same species as one of the components of M. 

If one or both states are degenerate the product (II, 2) will in general not be 
totally symmetric even for an allowed transition; but, if the transition is allowed, 
linear combinations of the mutually degenerate eigenfunctions and of the dipole 
components that are transformed into one another can be found which make the 
product totally symmetrical. It can be shown by group theory that a total!}" 
symmetric product is obtainable and therefore the transition is allowed if the 
direct product of the species (F) of ipl and M has a totally S3nninetric com- 
ponent, i.e., 

r(^e) X V(ipl) X r(M) = totally symmetric (II, 3) 

or, in other words, if x r{^") belongs to the same species as one of the 
components ofM (just as for non-degenerate states). Thus the general selection 
rule is exactly the same as for infrared spectra (see Vol. II, p. 252) except that the 
vibrational eigenfunctions have to be replaced by the electronic eigenfunctions. 

As for the infrared spectrum, the general selection rule can usually be still 
further simplified for absorption spectra since for most stable molecules the ground 
state is totally symmetric. In order for an allowed transition to occur in absorption 
in such a case, the rule is simply that the upper state must hav"e the species of one 
of the components of the dipole moment. 

The selection rule (II, 1) applies strictly only for fixed nuclei. Actually the 
nuclei are not fixed and therefore we must consider the total eigenfunction which 
includes the nuclear coordinates. Neglecting the rotational motion for the time 
being (see below), or, in other words referring the motions of electrons and nuclei 
to a rotating, molecule-fixed coordinate system we can write in a good approxima- 
tion (Born-Oppenheimer approximation) for the total eigenfunction 

Q) <l>v{Q) (II. 4) 

where q stands for all the electronic coordinates and Q for all the nuclear 
coordinates. In writing as a single product of ipe and we are neglecting the 
finer interaction of electronic motion and vibration but are retaining that part of 
this interaction that can be expressed by the dependence of ipg on Q. For con- 
venience in discussing the subject we shall call the latter part type (a) vihronic 
interaction, the former part type (6) vihronic interaction. 

Let us now resolve the electric dipole moment into two parts, one due to the 
electrons, the other due to the nuclei: 

M = Me + M^. (H, 5) 

The transition moment in this general case (considering only non-degenerate 
states) is then given by 

= J J + J j >l>'*redr,. (H. 6) 
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As long as the product resolution (II, 4) is valid, that is, as long as the finer inter- 
action of electronic motion with vibration [type (6)] is neglected we have 

j-Pe*fedr,=0, (11,7) 

since the electronic eigenfunctions for a given position Q of the nuclei are mutually 
orthogonal. Therefore we have 

= I j (II, 8) 


The second integral in (II, 8) 

-Be'a” (Q) = / Q)dr, (II, 9) 

is the matrix element of the electric dipole moment for a given nuclear configura- 
tion (Q); it varies only slightly with Q, If we neglect the dependence of ijjg on the 
nuclear coordinates (that is, neglect both type (a) and type (b) vibronic inter- 
actions), we obtain 

Re'e~{Qo) = J Qo)M,4>''{q, Q,)dT, (ii, lo) 

where Qo corresponds to a configuration of the nuclei near the equilibrium position 
of one of the two electronic states. In this approximation (II, 8) becomes 

Re'i-VV = Re’AQo) \>(>'*'i>ldT^, (II, 11) 

that is, the transition probability, which is proportional to R^, can be resolved 
into a factor depending on the nuclear motion alone and a factor depending on the 
electronic motion alone. In this approximation we see that the general electronic 
selection rule (II, 1) for fixed nuclei holds also for the vibrating molecule. The 
particular vibrational transitions which make the total transition moment Re'v'e''v" 
different from zero are those that make the second factor in (II, 11) 

j^Tfvdr, 

different from zero (see section 2). 

Thus far in the preceding discussion it has been implicitly assumed that the 
molecule has the same symmetry in both the upper and lower electronic state. 
If that is so, for an allowed transition the product must be symmetric 

with respect to all symmetry elements of the point group of the molecule. If 
however, as frequently happens, the equilibrium conformations of the molecule 
have different symmetry (belong to different point groups) in the two states then 
only .the common symmetry elements must be considered. In consequence there 
are fewer restrictions than when the equilibrium conformations have the same 
high symmetry. F or example, for a molecule XY 3 which is planar and symmetrical 
(point group D^h) in one state and non-planar (point group Cq^) in another the 
question whether a transition is allowed or forbidden must be decided on the basis 
of the behavior of with respect to the symmetry elements of point group 

not Dqj^. 
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If rotation is to be considered we must include a rotational eigenfunction and 

lls Ipe iff ifsr (II, 12) 

where ijjr is a function of the Eulerian angles which refer the rotating axes to space -fixed 
axes. The dipole moment with respect to space-fixed axes has the components 

cos dx + My cos dy -f 3/5 cos ocg (II, 13) 

and similarly for 31^ and M{. Here ccy, cc^ are the angles between the molecule- 
fixed X, y, z axes and the space-fixed x axis (and similarly for the y axis and 

Yxi Yy* Yz for the z axis). 

The X component of the transition moment with respect to space-fixed axes is now 

{II, 14) 

Substituting (II, 12), (II, 13) and (II, 5 ) we obtain 

= J ^e*Mex^'edre J J COS 

-f • • • + jljfe*Mgyfje dre j tlj'^*ijj"dr^j COS ayj/rdTr {II, 15) 

-f J ijje^ils"dre J ip'^*Mnx^ldr^ J ifj'r* cos dx^rdr^ 

4 . . . . g. J ljj'^*ifj"dTe J J Ip'r* cos dztjjrdTr 

and similarly for the y and s components. The last three terms in (11, 15) vanish 
because of (II, 7) as long as the product resolution (II, 12) is valid. The integrals 
cos dx^lirdTj, etc., vanish unless certain relations between tlie vibrational 
and rotational quantum numbers of the upper and lower state are fulfilled, i.e., they 
determine the vibrational and rotational selection rules (see below). Assuming that 
these selection rules are fulfilled we see that the transition moment depends as before 
on the three components of the electronic transition moment (II, 9). 

Spin selection rule. As we have seen in Chapter I, section 1, as long as 
spin-orbit interaction is small, the electronic eigenfunction including spin can be 
written as a product of an orbital and a spin function^ 

<l'es = (II, 16) 

Therefore we have for the transition moment including spin 

J = j J rfi’'da. (II, 17) 

The second integral at the right vanishes for states of different spin since the spin 
functions corresponding to different S values are orthogonal to one another. 
Therefore, as for atoms and diatomic molecules, we have the selection rule 

^S = 0 (II, 18) 

that is, only states of the same multiplicity (i.e., the same spin S) combine with each 
other; in other words, intercombinations are forbidden. 

For higher atomic numbers of the constituent atoms the resolution (II, 16) is 
less and less rigorous. A mnltiplet splitting arises and at the same time the rule 
(II, 18) is no longer strictly valid: intercombinations do occur weakly. 

^ As mentioned in Chapter I this resolution is strictly possible only for one and two 
electron systems; but for more electrons it stiU giv^ the correct symmetry properties. 
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Application to the more important point groups. If a molecule has no 
symmetry (point group C^), aU electronic states can combine with one another 
except those of different multiplicity. If the molecule has one element of sym- 
metry (as in point groups Q, C 2 ), that is, if there are two species of electronic 
states, then three types of transitions are conceivable which may not all be allowed. 
For example for point group Q with species Ag and aU three components of iVf 
behave as A^^ and therefore according to the general selection rule only Ag — A^ 
transitions can occur and not Ag—Ag or On the other hand, for point 

group Cg with species A' and A", the components My have species A', while 
has A" (cf. the species of T^, Ty, T^ in Table 48 of Appendix I). Therefore 
A' — A' and A'' — A" transitions are possible with and My, while A' — A" 
transitions are possible with M^. There are no forbidden transitions (except of 

Table 9. Teansition moments of electeonic teansitions of molecules 

BELONGING TO VAEIOUS POINT GEOUPS 

The species of one state participating in the transition is given in the top row of each 
sub -table, that of the other state in the column at the right. In the body of each sub- 
table M^, My, give the orientation for the dipole moment for the particular transi- 
tion. indicates that and My are equivalent, M^^y^z that M^^^ My and M^ are 

equivalent;/, refers to a forbidden transition. 
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Table 9 (cont’d) 
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a The table applies to this point group if the (^, u) rule is added, that is, g u, g -H-* g, u ^ u. 

The table applies to this point group if subscripts 1 and 2 are omitted. 

course those forbidden by the spin selection rule). Similarly for point group C 2 
one has A — A and B — B transitions with and A — B transitions with 3/^, 3/^. 

For linear non- symmetrical molecules (point group the dipole moment 
has species or H. Therefore E" — 11 — 11, A— A transitions are 

possible with 3/^ w^hile — 11, 11 — A, . . . transitions are possible with either 
or My or any linear combination of them for w'hich we wTite M^.y How’ever, 
E+-E",E-A, transitions are forbidden. For sjunmetrical linear 

molecules (point group D the {g, u) rule has to be added, that is, g <r-^u^g -h-j- 

In a similar manner other point groups can be dealt with. All one has to do 
is to establish the species of the components of the dipole moment and to see 
whether one (or more) of them agree with the species resulting from the direct 
product of the species of the tw^o states considered (see Appendix III). The species 
of the dipole moment can be found in Table 55 of Volume II or from the character 
tables in Appendix I of this volume. For the convenience of the reader w^e give 
in Table 9 the results for aU possible transitions in the more important point groups. 

(b) Forbidden electronic transitions 

Electronic transitions that are not in harmony with the selection rules 
discussed in the preceding sub-section are in general weak. However, some of 
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these forbidden transitions may have appreciable intensities and therefore a more 
detailed discussion is necessary, the more so since some authors do not designate 
certain transitions as forbidden transitions which according to the notation used 
here must clearly be considered as such. Also it happens quite frequently that a 
transition which would be classified as a forbidden transition if the molecule had 
the same high symmetry in both states is actually an allowed transition because 
in one state the molecule has lower symmetry. 

Sevei-al types of forbidden transitions may be distinguished depending on the 
cause for their appearance in violation of the previous selection rules. 


(a) Magnetic dipole and electric quadrupole transitions 

Classically an oscillating magnetic dipole moment or electric quadrupole 
moment also leads to the (weak) emission or absorption of radiation. In quantum 
theory the transition probability produced by magnetic dipole or electric quad- 
rupole radiation is obtained if the magnetic dipole moment or electric quadrupole 
moment is substituted in place of the electric dipole moment in the transition 
moment (II, 1). A non-zero value for this transition probability is obtained if the 
product has the same species as one of the components of the magnetic 

dipole or electric quadrupole moments. 

Since the magnetic dipole moment is an axial vector, its components behave 
in the same way as the three rotations Ry, and its species may be found in 
the Tables of Appendix I as the species of these rotations. The electric quadrupole 
moment is a tensor whose components behave in the same way as the components 
of the polarizability, that is, as the product of two translations. Therefore, the 
species given in Table 55 of Volume II (p. 252) for a^y , . . . apply. For example, 

for symmetrical linear molecules (point group the components of the magnetic 
dipole moment have the species Sy and Ylg, those of the electric quadrupole 
moment Ilg, A^. Therefore, for a given transition to be allowed as magnetic 
dipole radiation the product of the electronic eigenfunctions of upper and lower 
states must have the species Sy or Thus in absorption from a totally symmetric 
ground state S” — S + , Ug—Lg transitions can occur. Similarly for transitions 
allowed as electric quadrupole radiation the product of the eigenfunctions must 
have one of the species 2/ , 11^ or A^, and in absorption from a totally symmetric 
ground state Lg —'Lg, Ug — 'Lg and Ap — 2^ transitions can occur. 

Similar considerations apply to other point groups. Table 10 lists all the 
forbidden transitions made possible in this way for the more important point 
groups assuming the lower state to be totally symmetric. For other lower state 
species, say F, the upper state species given have to be multiplied by F. For the 
visible region the intensity of magnetic dipole and electric quadrupole transitions 
is about 10“^ and 10 respectively of the intensity of strong electric dipole 
transitions; in the ultraviolet the intensity ratio is larger. In several point groups 
(without a center of symmetry) some transitions allowed as electric dipole radiation 
can also occur as magnetic dipole or quadrupole radiation. Such transitions are 
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not listed in Table 10 since the electric dipole moment component then usuallj" 
predominates by such a large factor. 

The only observed case of a magnetic dipole spectrum of a polyatomic molecule 
is the 11 component of the near ultraviolet absorption system of H 2 CO. Such an 
interpretation of the observed spectrum was first suggested by Sidmaii (1132) and 

Table 10. Forbidden transitions made possible by 3iagnetic dipole and 

ELECTRIC QUADRUPOLE RADIATION FOB THE MORE IMPORTANT POINT GROCPS 


Only transitions with totally symmetric lower states are listed. Others can be obtained 
from those given by “multiplication” with the species of the lower state. 
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has recently been definitely established by Callomon and Innes (178) (see also 
p. 270). While for diatomic molecules forbidden electronic transitions have been 
observed which are entirely caused by magnetic dipole or quadrupole radiation 
(see VoL I, p. 277), for polyatomic molecules forbidden electronic transitions caused 
in this way can also appear as electric dipole radiation if certain vibrations are 
excited (see below); these vibronicaUy induced transitions are always much 
stronger than those vibrational transitions of the same electronic transition which 
can occur only as quadrupole or magnetic dipole radiation (e.g., the 0-0 band). 
Thus, as in the case of H 2 CO, magnetic dipole (or quadrupole) transitions occur 
only as weak components of an electronic transition whose principal components 
while forbidden are much stronger on account of vibronic interaction^. For this 
reason magnetic dipole and electric quadrupole transitions are observed only very 
rarely in polyatomic molecules. 

2 While in the upper state of the near ultraviolet H 2 CO bands the molecule is nou-planar 
and the transition is therefore formally allowed — '^A')r actually, since the inversion doubling 

is very large, the transitions of the individual components follow the rule for a planar-planar 
1^2 — ^Ax transition and only for this reason could the magnetic dipole nature of the transition 
be established (see p. 521). 
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Magnetic dipole transitions are of great importance indirectly since in molecules 
of appropriate symmetry a transition with parallel components of electric and mag- 
netic dipole transition moments gives rise to circular dichroism with an associated 
optical rotatory dispersion, that is, to the familiar optical activity of dissymmetric 
molecules [for a recent review, see Meison (799b)]. 


(p) Inter combinations 

If the multiplet splitting is not negligibly small the eigenfunction including 
spin can no longer be characterized by a fixed value of S, and therefore transitions 
violating the rule A/S = 0 may occur weakly. In such cases it is necessary to use 
the symmetry of the complete eigenfunction for a discussion of the selection 
rules, that is, in applying Table 9 one must use the species of the product of 
and the spin function (see Appendix II). 

The most important and simplest case is that of a singlet-triplet inter- 
combination. Most stable molecules have a singlet ground state and have a triplet 
state as the first excited state. For example for a linear molecule we may have a 

ground state and a excited state. Since the spin function for a triplet 
state of a linear molecule has the species Sj' + Ilg the resultant species of the 
multiplet components of the ^11,^ state are 11^+2^ -1-2^+ A^, of which accord- 
ing to Table 9 only 11 ^ and can combine with the Hg ground state. (This 
corresponds to the weU-known fact, in diatomic molecular spectroscopy, that 
®no+ and ^rii combine with but not ^^IIo- and ^112 if the multiplet splitting is 
large.) Similarly for a non-planar XY3 molecule (point group Cq^) the spin 
function of a triplet state has species A2 E. Therefore a ^^2 state will split 
into one of species Ai and one of species E, both of which can combine with a 
ground state, while without spin- orbit interaction the transition is forbidden by 
symmetry (A2 Ai). Asa last example let us consider o^^F^ — ^Ax transition of a 
tetrahedral molecule. Since here the spin function has species the state 
splits into four states A 2, E, F^ and F2 (see Appendix III) of which only the last 
can combine with the state. This corresponds to the fact that in atomic 
spectra in a ^P—'^S transition only the component (which like P2 triply 
degenerate) can combine with ^ 8 q. 

For doublet- quartet transitions the extended point groups must be used. 
Consider for example a ‘^E" — ^A2 transition of a planar XY3 molecule. The spin 
functions of quartet and doublet states are respectively E^ + and Ei (see 
Appendix II). Therefore, taking account of spin-orbit interaction, ^E" splits into 
-f P| -f P| -f Pa while ^Ag transforms into P.| (see Appendix III). The 
transitions P^— Pf can occur both with and Mx,y as is readily seen from the 
direct products while Pf — P| can occur with only, and Pf ~P| is forbidden. 

No examples of doublet- quartet transitions have as yet been observed^®-, but 

2 a -phig statement applies only to free molecules in the gaseous phase. For ions of trans- 
ition metals or rare earths in crystals or solutions such intercombinations have been observed. 
The best-known example is the line 6943 A of ruby crystals, the first transition for which 
optical maser action was observed. 
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many examples of singlet-triplet transitions are known (see Chap. V). Lewis and 
his collaborators have interpreted the observed phosphorescence of many com- 
plicated polyatomic molecules as due to transitions from the first excited (triplet) 
electronic state to the (singlet) ground state. For simpler molecules only a few 
such intercombinations have been observed. One clear case in which the nature 
of an intercombination has been estabhshed by the triplet splitting is the ^A 2 - L4i 
transition of formaldehyde [Di Giorgio and Robinson (278), Raynes (1060)]. A 
detailed theoretical treatment of the magnitude of spin-orbit coupling in H 2 CO 
and the intensity of the intercombination has been given by Sidman (1131) and 
Raynes (1060). As in atoms and diatomic molecules, it is the mixing of the triplet 
state with a singlet state (which combines strongly with the ground state) that 
makes it possible for the triplet-singlet transition to occur. For H 2 CO it is a 
state lying fairly high above ^^2 which gives the main contribution to the transition 
with an intensity which is in rough agreement with the experimental value®. 
Sidman has also shown wLy triplet-singlet transitions in aromatic molecules are 
in general very much weaker, by about a factor 1000 [see also Hameka and 
Oosterhoff (467a) and Albrecht (54)]. 

Douglas (293) has used the Zeeman effect in order to establish whether or not 
a given transition observed in absorption from the ground state is an inter- 
combination (see p. 272). In this way he has shown that the 3600 A bands of CS 2 
and the 3800 A bands of SO 2 are intercombinations. Herzberg and Verma (523) 
(545) have attempted to identify intercombinations in HSiCL HSiBr and sym- 
metrical pyrazine by anomalies in the rotational structure (see below). 

( y ) Transitions due to vibronic interactions 

The neglect of type (a) and tj^e (b) vibronic interactions made in the deriva- 
tion of the general electronic selection rule (II, 1) is often a serious one, and there- 
fore frequently transitions forbidden by the electronic selection rule occur weakly 
on account of these vibronic interactions. As stated previously, the general 
selection rule valid when vibronic interactions are not neglected (but rotation is 
disregarded; see below) is 

= (11,19) 

where it is now no longer possible to make the resolution expressed in eq. (II, 6) 
which leads to eq. (II, 11). In (II, 19) M is the dipole moment vector in the mole- 
cule-fixed coordinate system. Thus the general selection rule that takes account 
of vibronic interaction is that Re'v'e"v" different from zero or, in other ivords, 

in order that a given transition may occur, the product of the vibronic species of 

^ Sidman’s statement that the selection rule NK = 0 applies to ^Az'-'^Ai transitions 
produced by interaction of ^A^ with ^A-i while AK = ± 1 applies when the transition is 
produced by — interaction is incorrect as pointed out by Hougen (574): the selection 
rule is AK = 0 , +2 independent of the nature of the singlet state that eaus^ the inter- 
combination to occur. Transitions with AK ~ ± 1 are forbidden by the symmetry rules in 
C 20 molecules (see p. 268f). 
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the two states involved must contain the species of at least one component of the 
electric dipole moment. Here it must be remembered that the vibronic species 
can always be obtained from the product form i/fgy = even when is only 
a very rough approximation to i/jq^ (see p. 22). 

If rotation is included we must write 

l/r = (II, 20) 

and obtain instead of eq. (II, 15) now for the x component of the transition moment 
R^v'r'e"v"r" ~ ^^e'v'^x^e"v"^'^ev J**/^?"* COS CX.x^r^'^r 

H 1 J J lj)r^ COS a.ljjrdTr (II, 21) 

and similarly for the y and 2 components. The integrals cosa^^'rdrr etc., as 
before, determine the rotational selection rules (see section 3 of this chapter). If these 
selection rules are fulfilled, that is, if these integrals are different from zero, we see 
from (II, 21) that the transition moment is determined by eq. (II, 19); that is, the 
general selection rule in this approximation is not affected by rotation. 

For an allowed electronic transition J is different from zero, and if 

the vibronic functions have the same species as the electronic function (as they 
do for all totally symmetric vibrational levels), the general selection rule is also 
fulfilled (see section 2ba). But for a forbidden electronic transition we have 

Re-e-{Qo) = J Qo)M,i,:{q, Qo)dr, = 0. (II. 22) 

Therefore, if Re'v'e''v" is to be different from zero, the vibronic species must be 
different from the electronic species and thus the vibrational transitions in such a 
forbidden electronic transition are different from those in an allowed electronic 
transition (see below). It is therefore clear that this type of forbidden transition 
has no analogue in diatomic molecules because for diatomic molecules the vibrations 
are always totally symmetrical and therefore the vibronic species is always the 
same as the electronic species. The reason for the existence of a different kind of 
forbidden transitions in polyatomic molecules is that there can be antisymmetric 
or degenerate vibrations which take the molecule to conformations of a symmetry 
that is lower than that of the equilibrium conformation and in which therefore the 
(electronic) selection rules are less restrictive. 

If the definition (II, 22) of a forbidden electronic transition (viz., forbidden by 
symmetry) is fulfilled for one nuclear conformation Qq, it is clearly fulfilled for any 
other conformation Q of the same symmetry. We can therefore choose in i/jq the 
equilibrium conformation Qo of the upper state, and in j/fg its equilibrium conformation 
Qq and thus write the definition of a forbidden transition 

J (<i, Q'o)M,tire(q, Q'i)dr, = 0. (II, 22a) 

On the other hand, when antisymmetric or degenerate vibrations are excited, nuclear 
configurations Qa occur which do not have the full symmetry of the assumed point 
group, and for these configurations Rq'' is no longer exactly zero since ipg varies 
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slightly with Q. Thus for certain vibrational transitions in\'oiving antisymmetric 
vibrations (see section 2) the electronic forbiddenness is not rigorous. 

As an example, consider a -^2^+ electronic transition of a D ^ molecule. 
In s^Tiimetric diatomic molecules this transition could occur only as qiiadriipole 
radiation and is therefore extremely weak. The same is true for the d-<j band 
and generally transitions between totally S 5 rmmetric vibrational levels of a linear 
polyatomic molecule symmetry. However, there are E^ and 0^ vibronic 

levels in each state, and according to the general selection rule (II, 19) they 
can combine with the S/ vibronic levels of the other electronic state with an in- 
tensity that depends on the strength of the vibronic interaction. For zero 
vibronic interaction these transitions would have v^anishing intensity since then 
(II, 22) is accurately fulfilled, and this, together with (II, 11), leads immediately 
to ~ 0. 

Similarly, while an A 2 — A 1 electronic transition is forbidden for XYZ 2 
molecules of point group there are and B 2 vibronic levels in the A 2 electronic 
state and according to the general selection rule these vibronic levels can combine 
with the lowest vibrational level of the lower state as v\ ell as with higher 
vibrational levels of this state. Conversely the lowest vibrational lev^ei of the 
upper (A 2 ) electronic state (or other totally symmetric vibrational levels) can 
combine with the Bi and B 2 vibronic levels of the lower (A A electronic state. 

In the same way forbidden components of allowed electronic transitions may 
occur. For example, an A^ — Aj electronic transition in a C 2 ,. molecule is allowed 
with if 2 (i.e., the transition moment is in the symmetry axis). The dijiole com- 
ponents and My do not give rise to an allowed transition. But there are Bi 
and B 2 vibronic levels in either electronic state w'hich according to (II. 19) may 
combine with the A^ vibronic levels of the other state if the direction of the dipole 
moment is perpendicular to the sjunmetry axis. Similarly, a E — 11 electronic 
transition of a linear {C^^) molecule is allowed with the dipole moment perpen- 
dicular to the internuclear axis only (M^ y). However, there are 11 \ibronic levels 
in the E electronic state which, according to (II, 19), can combine with the II 
vibronic levels of the 11 state with a dipole moment in the direction of the inter- 
nuclear axis {Mfj . Again all these forbidden components would have zero intensity 
if there were no interaction between vibration and electronic motion. 

The strength of the vibronic interaction and therefore the intensity of the 
forbidden transitions (or forbidden components) between two electronic states X 
and T depends on the proximity of a suitable third electronic state Z to one of 
the two states X or ? (see Fig. 48). If the transition Z— X is allowed with a 
dipole component and if Z is not too far from then the transition f — X 
can '‘borrow” intensity from Z—X because of a mixing of the electronic eigen- 
functions of T and Z. This mixing depends on the vibronic interaction: only states 
of the same vibronic species mix. Thus, only those vibrational levels of state f 
(Fig. 48) which have the same vibronic species as Z wilL mix with Z and wiU 
therefore combine with the ground state X with the same dipole component (Mf) 
as tbat of the allowed Z— X transition. 
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In a first approximation, as was shown by Herzberg and Teller (542), only 
those electronic states will mix whose species differ by no more than the species of a 
normal vibration. Under this condition and if in addition the two mutually 
perturbing states ( f and Z) are less than 1 eV apart, one finds that the forbidden 
transition {T—X) will have an appreciable intensity, comparable to that of a weak 
allowed transition. 




1 

1 

1 

1 

1 

1 



Fig. 48. Energy level diagram explaining the occurrence of forbidden transitions. 

The transition ^—X is allowed with dipole component Because of (vibronic) mixing 

between Z and ? the forbidden transition Y — X can “borrow” intensity from Z — X. 

As an example, consider a planar molecule with the electronic states Ai, 
Ag, corresponding to X, T, Z, respectively, in Fig. 48. The transition B 2 —A 1 
is allowed with the dipole component My (in-plane). The states A 2 and B 2 can 
mix if there is a normal vibration of species Bi. This is the case for HgCO (out-of- 
plane bending) but not for H2O. In H2CO therefore an ^2 — transition could 
occur weakly with My. Actually the observed near ultraviolet absorption bands 
of H2CO were at one time thought to represent such a forbidden A 2 — A 1 transition 
[Pople and Sidman (1003)] but it has been found that in the excited state the 
molecule is non-planar [see Chapter V, section 2b] and that the transition is therefore 
not electronically forbidden. Nevertheless, since the barrier against inversion in 
the excited state is low, in a certain approximation this transition can be treated 
as if it were a forbidden A 2 ~-Ai transition of a planar € 2 ^, molecule. 

Perhaps a better example is provided by the near ultraviolet absorption 
system of benzene. This system has been shown to be a forbidden ^-62^ — 
transition (point group Z)e?i)- Such a transition is made possible by the interaction 
of with the lowest state (6.8 eV). These two states differ by the species 
E 2 g and, since there are (four) normal vibrations of this species in CsHg, an appreci- 
able borrowing of intensity can occur. Murrell and Pople (921) have carried out a 
quantitative calculation of the interaction and have derived an intensity which is 
8.5 times the observed intensity [see also Albrecht (53)]. 

Similar considerations apply to forbidden components of allowed electronic 
transitions. In such cases the transition T^X (Fig. 48) is allowed with a dipole 
component different from that of X^X; but due to the vibronic mixing of X and 
?, a forbidden component of T^X with the same dipole component as X~-X 
can occur. An example for a linear molecule is provided by the — ^11 electronic 
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transition of NCO in which a weak |1 component (of type 11 — 11) has been observed 
(see Chap. V, section Ic). 

If the allowed component of ? — X is weak and vibronic mixing of T and Z 
is strong, it can happen that the forbidden component of is stronger than the 
allowed component. This situation arises in the — absorption system of 
naphthalene near 3200 A in which, as shown by Craig, Hollas, Redies and Wait 
(253), the forbidden component is ten times stronger than the allowed Jly 
component (y and z are the long and short axes in the plane of the molecule). 
For further theoretical discussion of forbidden components in allowed electronic 
transitions, see Albrecht (52). 

It is possible that for an allowed transition the integral (II, 22) vanishes by co- 
incidence even though this is not required by symmetry. In such a case the 0-0 band 
would also be very weak or absent just as for true forbidden transitions. If F — X 
in Fig. 48 is such a transition, and if Z — X is a transition of the same kind for which 
the accidental cancellation of the electronic transition moment does not occur, then 
the excitation of totally symmetric vibrations in Y can lead to vibronic mixing of Y 
and Z and the higher members of the progressions in the totally symmetric vibrations 
will occur in Y — “borrowing” intensity from Z — X. Such a case has recently 
been described by Craig and Gordon (251a) in the near ultraviolet spectrum of phen- 
anthrene. 

(5) Transitions due to rotational-electronic interactions 

Rotational- electronic interaction is in general very weak, that is, the resolution 
(II, 20) does represent a very good approximation. However, w'hen no other 
stronger interactions are present, the rotational-electronic interaction may lead to 
the very weak occurrence of forbidden transitions. For this to happen there 
must be in the neighborhood of one of the states (J? or F in Fig. 48) a state (Z) 
which differs from the former by the species of a rotation. The intensity of the 
forbidden transition will then depend strongly on the rotational quantum number 
corresponding to this rotation. 

For example, for a Czv molecule a,n A 2 — A i electronic transition could appear 
on account of rotational-electronic interaction if there is another A^ state in the 
neighborhood of the A 2 state (or an A 2 state in the neighborhood of A^). Since 
the rotation about the symmetry axis has species A 2 , an increasing interaction 
between the A^ and the A 2 state will take place mth increasing rotation, that is, at 
high X or J, bands with a dipole component parallel to the symmetry axis (if^) 
would appear. According to Pople and Sidman (1()03) the intensity should go up 
with if the a axis is the symmetry axis. Since the weak 1| bands observed in 
H 2 CO do not show such a dependence they cannot be accounted for by rotational- 
electronic interaction; actually they have been assigned to magnetic dipole 
radiation [see sub-section (a)]. In the ultraviolet absorption spectrum of CH 2 N 2 
Merer (823) has found, in a ^B — '^Ai electronic transition, forbidden components 
of vibronic type A 2 - which are in all probability produced by rotational- 
electronic (Coriolis) interaction. 
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(€) Enforced dipole transitions 

As has been discussed for diatomic molecules in Volume I, p. 280, transitions 
forbidden rigorously as dipole radiation may be made allowed by the application 
of strong electric fields, that is, may occur as enforced dipole radiation. The 
selection rules for enforced dipole radiation are similar to those for quadrupole 
radiation but will not be discussed in detail here. Instead of an external field, the 
intermolecular field in gases at high pressure or in liquids and solids may serve to 
‘"enforce” the transitions. However, thus far no such transitions have been 
definitely identified for free polyatomic molecules. 

2. Vibrational Structure of Electronic Transitions 
(a) Structure of a band system : unsymmetrical molecules 

The transitions from the various vibrational (and rotational) levels of one 
electronic state to those of another in a polyatomic molecule give rise to a band 
system just as for diatomic molecules. However, since there are several vibrations 
instead of one, the vibrational structure is in general very much more complicated 
than for diatomic molecules. This is particularly so in an unsymmetrical molecule 
for which no restrictions of the vibrational transitions exist other than those 
imposed by the Franck-Condon principle (see below). 

General formulae. If the vibrational term values in the upper and lower 
states are . . .) and Vq, . . .) respectively and, if the electronic 

term values are T^ and Tg, the wave numbers of all possible vibrational transitions 
of a given electronic transition (i.e., of a band system) are represented by 

V = vg + 0'{v[, 4, . • . ) “ vl...) (II, 23) 

where 

Ve = - r' (II, 23a) 

is a constant for a given band system and is also called the origin of the band 
system. 

Substituting G{vi, V 2 i Vq, . . .) from (I, 23) we obtain 

+ 2 + i) + 2 2 

^ ^ (11,24) 

“ 2 + 2 ) ” 2 2 + i) 

i i 

assuming that all vibrations are non-degenerate (d^ = 1, = 0) as would always 

be the case for an unsymmetrical molecule. 

For practical purposes it is often much more convenient to refer the energies 
to the lowest vibrational level in each state and to write 

j ' = voo + 2 + 22 + ■ • • 

- 2<*>?-2 
i i 


(II, 25) 
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Oil = ojj + ^ 2 Xiy. 25a) 

i 

voo = ve + + i2 2 - i2 2 (n,25b) 

i i k^i i i k>i 

and where the differ from the only when higher terms are included 

(see Vol. II, p. 208). vqo is the wave number of the 0 — 0 band, that is, the 
transition between the two lowest vibrational levels. The frequencies (in cm"^) 
of the fundamentals (as observed for the ground state in the infrared or Haman 
spectrum) are related to the constants in (II, 25) and (II, 24) by 

Vi = O)? + Xii = cOi + 2a:,i + I 2 -i ■ (II> 26) 

k 4^ i 

It must be emphasized that the general formulae (II, 24) and (II, 25) apply 
to an idealized case in which no Fermi resonances occur. Actually, in many cases 
the occurrence of such resonances spoils the simple regularity expressed in the 
formulae: only the average of two (or more) bands corresponding to two (or more) 
interacting levels is correctly represented by the fornjulae. 

Progressions. In Fig. 49 the vibrational levels in two electronic states are 
shovm assuming that there are only two normal vibrations. While this assumption 
does not correspond to any actual case of an unsymmetrical molecule since the 
minimum number of vibrations is three, it does show more clearly the essential 
facts. 

Starting with any level of the upper electronic state, e.g., v[ = 1, = -j 

and considering the possible transitions to the lower state, we do not just get a 
single v '2 progression of bands as for diatomic molecules but a whole progression of 
progressions, one corresponding to vl = 0, one to vl = 1, one to vl — 2, and so on, 
as indicated in Fig. 49a. In other words each member of the first progression is 
the starting point of a progression in the second vibration. If a third vibration 
were present, each member of each of the progressions in the second vibration 
would be the starting point of a progression in the third vibration, and so on. 

In the same way, in absorption, starting from any vibrational level of the 
lower state we obtain not just one progression but a progression of progressions. 
This apphes of course also to the lowest vibrational level (tq = 0, Vq = 0), that is, 
to absorption at low temperature. Figure 49b shoves the transitions in this case 
and Fig. 50 gives a schematic spectrum. 

For a band system of a diatomic molecule all the bands can be conveniently 
written down in a Deslandres table. From what has been said above it is clear 
that now the transitions from each vibrational level of one electroiiic state, say the 
lower one, fill a whole square array corresponding to the various values of and V 2 
and therefore the bands of the whole band system can only be written down in the 
form of a Deslandres table of Deslandres tables, one for each pair of values of vj* 
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Alternatively one can write this super- Deslandres table in terms of v'l, vl inserting 
at each place the Deslandres table corresponding to This is shown schemati- 

cally in Fig, 51. It is readily seen how this scheme would have to be expanded if 
there are more than two vibrations. 

If the principal progression ^ 0,0 is observed in absorption (see Fig. 49b) 

one obtains from it immediately the vibrational levels corresponding to excitation 
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Fig. 50. Schematic low temperature absorption spectrum showing progressions 
in two upper state vibrations. This figure corresponds to the energy level diagram Fig. 49b. 
The numbers attached to the bands are the values. Ail bands have = 0, 

'various quanta in the upper state and therefore also the quantities cu?', 
and possibly higher terms. Similarly from the progression 0, 0 — vl, 0 (see Fig. 49a) 
the lower state vibrational levels corresponding to and the constants cni", 
a;?!, . . ., are obtained. The same levels and constants are obtained from other 
progressions, v'l, 0 <- a, b and c, d—vl, 0 where a, b and c, d are the vibrational 
quantum numbers of the fixed lower or upper state of these progressions. Apart 
from very small rotational effects the difference of corresponding bands in the two 
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Fig. 51. Form of Deslandres table for a band system of a polyatomic molecule 
assuming that only two vibrations are affected by the transition. The size of the black 
dots is intended to indicate the intensity of the particular transition assuming only a slight 
change of molecular dimensions in the transition and assuming nearly equal population of 
vibrational levels in the initial state. 
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progressions v'l, 0-0, 0 and vi,0— a, h and similarly 0, and c, d — vl, 0 must 

be exactly equal; this constant difference is directly equal to Gl(a, b) and Gq{c, d) 
respectively. Such combination relations give a good check on the correctness of 
the assignments of the bands. They apply even if there are perturbations (Fermi 



Fig. 62. Separations AG of corresponding bands in the two progressions — 000 

and O^JaO-OOO of the A — systems of DON as a function of 

resonances). The same considerations apply to any other vibration that gives 
rise to a progression. 

On the other hand if one compares a progression ^5.0 ^ 00 with a progression 
v'^a ^ 00 one finds the difference of corresponding bands to vary slightly with v[ 
because of the term bhe energy formula. In a first approximation this 

variation should be linear in and should of course be quite small since 0:13 « 

The anharmonic constant X 12 can be determined in this way. As an example in 
Fig. 52 the difference between the two progressions 1^2^ — 000 and WJ) ~ 000 
of the A — 1. system®®* of DON is plotted. The linear variation is clearly shown. 

Sequences. For a diatomic molecule a band system can be considered as a 
series of sequences with = 0, ±1, +2, . . . corresponding to the diagonal and 
the lines parallel to the diagonal in the Deslandres table. These sequences form 
very characteristic groups in the band system if the vibrational frequencies in the 
upper and lower state are of similar magnitude and if a number of vibrational levels 
are excited in the initial state. Similar sequences occur in a band system of a 
polyatomic molecule except that there are now several parameters that distinguish 
one sequence from another, viz., /No 2 , A^;g, .... Again we consider 

only the case of two normal vibrations. For each value of all possible values 
of A^2 can occur, and for a given pair of values At^i, both and can go 

For a discussion of the short-hand designations J!, J5, . . . d, 5, . . . of observed states 
see p. 488. 
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through their whole range of values. Thus for = 0, ^.V 2 = 0 corresponding to 
the principal diagonal of the super-Deslandres table (Fig. 51), there is a series of 
sequences in one for each The full vertical lines in the energy level diagram 
Fig. 53 represent these transitions. Similarl}^, a series of sequences arises from 
Az;i = 4-1, = 0, as well as from = —1, Ai ?2 = 0 (oblique broken lines in 



Fig. 53. Energy level diagram showing the origin of sequences in a band system 
of a polyatomic molecule assuming that only two vibrations vi and are active. 
The full-line transitions correspond to Adi = 0, Av 2 = 0, the broken-line transitions to A^i = 
+ 1, Av 2 = 0, and the dotted transitions to Av^ = 0, Av^ = ±1. Sequences with higher Avi 
values are not shown. 

Fig. 63) and from Av^ = 0, At ;2 = +1, as well as from At^i = 0, Av 2 — — 1 (vertical 
dotted lines in Fig. 53), and so on for other pairs of AtJj, At ?2 values. 

If the vibrational frequencies in the upper and lower electronic state were the 
same, then aU bands of a given set of sequences (a given Avi, Avz) would coincide. 
If the vibrational frequencies are slightly different, then each sub-sequence of a 
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given /\vi,Av 2 and^;i forms a group of close-lying and approximately equidistant 
bands of spacing Ava 0)2 — co^) and the sub-sequences of different form 
equidistant groups of spacing Ar^ (o[ — (jj'i). This is shown schematically for 
Avi = 0, Au 2 = 0 in Fig. 54. Similar diagrams apply to the other pairs of Avg 
values. If Ava were larger than Avi, the sub-sequences in -v^ would form the 
closest groups and the separation of the groups would be Ava, opposite to the case 





Fig. 54. Schematic spectrum showing sequences with Av^ = 0, Avz = 0 in a band 
system in which only two vibrations are active. Both Avi and Avz have been assumed to 
be negative, i.e., i/f < < v'z. Higher sequences with Aw^ # 0 are much weaker than those 

shown as long as Avt is small. 

illustrated in Fig. 54. It is easy to extend the diagrams shown to the case of three 
or four normal vibrations. 

If the differences Av^ of the vibrational frequencies in the upper and lower 
state are large, different sequences overlap one another and a complicated pattern 
arises. In such a case the concept of sequences may not be of much help in 
analyzing the spectrum. 

In absorption at sufficiently low temperature when no vibrational levels with 
> 0 are thermally excited in the lower electronic state, no sequence structure 
exists since no more than one band of any sequence can occur. However, at 
moderate temperatures when one or more low-frequency vibrations are thermally 
excited, the sequences become important for these vibrations. When Av^ is 
relatively large, it is no longer obvious whether or not a particular band group is a 
sequence or rather a progression. In that event, other evidence to decide this 
question has to be sought. One difference between a sequence and a progression 
is that in the former a quadratic term may be (but need not be) considerable while 
for the latter it is usually quite small. A sequence may even show a reversal, that 
is, a '"head of heads” may occur (see Vol. I, p. 160). Well- developed sequences 
are often prominent in emission spectra, for example, in the spectrum of KCJST 
(see p. 499), and they are also observed frequently in absorption spectra of heavier 
molecules with low-frequency fundamentals such as benzene (see Fig. 70 and p. 557) 
and naphthalene [see Craig et al. (253)]. 

Intensity distribution, Franck-Condon principle. Even though in an 
"imsymmetric molecule there are no sharp selection rules for the vibrational 
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quantum numbers, there are enormous differences in the intensities of different 
vibrational transitions. In order to understand these differences we must apply, 
as for diatomic molecules, the Franck-Condon principle. As we have seen in 
section 1, as long as vibrational and electronic motion can be separated the 
transition probability can be resolved into one factor Rg'^^ depending essentially 
on the electronic motion, one factor depending only on vibration and one 
factor depending only on rotation. Neglecting rotation we can vTite 

according to eq. (II, 11) for the transition moment 

^e'v'e^v" ~ ^e'e'’^v'v (fij 27) 

where i?e'e" is given by (II, 9) and the contribution of vibration to the 

transition moment, is given by 

(n,28) 

Rg'e", is in general very nearly the same for all vibrational transitions of a given 
electronic transition. It is therefore the second factor, the overlap integral 
of the vibrational eigenfunctions of upper and lower states, that determines the 
relative intensities of the bands in a band system, just as in diatomic molecules. 

If the potential functions in the two electronic states are nearly alike and 
therefore the internuclear distances and vibrational frequencies are nearly the same, 
then the vibrational eigenfunctions with different vibrational quantum numbers in 
the upper and lower state are very nearly orthogonal with respect to each other, 
and therefore R^>^» will be different from zero only if none of the vibrational 
quantum numbers change. This situation corresponds to the semi -classical 
consideration of Franck that after the “electron jump ”, the nuclei are in the same 
relative position as before and, since the relative potential energy has not changed, 
will remain at rest if they were at rest before, or will retain the same kinetic energy 
they had before. We have therefore = 0 for all vibrational quantum numbers. 
In cold absorption there will be only one band of outstanding intensity, the 0—0 
band, and at somewhat higher temperatures bands of the principal sequences 
{Lvi — 0) win occur with intensities determined mainly by the appropriate Boltz- 
mann factor. This type of intensity distribution is found in many Rydberg 
transitions of polyatomic molecules, e.g., H2O, CHg, CH3, . . . indicating that the 
ion has a potential function that is very similar to that of the neutral molecule. 

If on the other hand the equilibrium position of the nuclei changes in going 
from the one electronic state to the other, and if this change is most nearly repre- 
sented by the vibrational mode bands with Au^ ^ 0 will occur strongly. If the 
change of equilibrium position is large, the maximum of intensity will no longer be 
at z?; = 0. In such a case, if the molecule is initially in the equilibrium position of 
one state, then after the “jump ” it is more or less high on the slope of the potential 
surface of the other state and, classically, will immediately start oscillating. Often 
this oscillation is not a simple motion but a Lissajous motion corresponding to a 
super-position of two or more normal vibrations of the excited state. The 
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intensity maxima in the corresponding progressions will in general be at non- zero 
v'i values. 

All this is very similar to what was discussed for diatomic molecules in Volume 
I, p. 194f, except that we have now a multi-dimensional potential surface (see 
Chap. IV and Vol. II, p. 202). No detailed calculations have been carried out on 
this basis with regard to the relative intensities for any unsymmetrical molecule. 
But one general formula may be mentioned for the case that the equilibrium 
position remains closely the same in the electronic transition but the vibrational 
frequency of a normal vibration changes from co" to co[. One finds for the ratio of 
the intensity of the 0 — 0 band to the sum of the intensities of all Vj^ — 0 bands 
(inch 0 — 0) or, in other words, for the fractional intensity of the 0 — 0 band 


2 


Vi 


V CDiCOi 
+ w'l) 


(11, 29) 


Unless cu\ is very different from co'l this ratio is very close to 1, that is, the 0—0 
band has overwhelming intensity compared to all the others. Even for oj[ = 
the above ratio is f V2 = 0.9426. 


(b) Structure of a band system: symmetrical molecules 

The structure of a band system of a molecule with one or more elements of 
S 3 mimetry is similar to that of an unsymmetrical molecule except that there are 
now specific selection rules which eliminate certain bands entirely and restrict the 
direction of the transition moment in those that do occur, thus simplifying their 
rotational structure. In addition, for molecules with degenerate vibrations, the 
vibrational energy formulae have to be changed appropriately. Finally, as we 
have seen, for symmetrical molecules certain electronic transitions are forbidden, 
but can occur weakly on account of vibronic interactions. The vibrational 
structure of these forbidden transitions is different from those of the allowed 
transitions and will be treated separately. 


(tt) Allowed electronic transitions 

General selection rule. In an allowed electronic transition the electronic 
transition moment Rs'e" is different from zero. Whether or not a transition from 
a certain vibrational level of the upper state {v'l) to a certain vibrational level of 
the lower state {v") occurs depends on the vibrational overlap integral (II, 28). 
In a symmetrical molecule, in order that this integral be different from zero, the 
integrand must be symmetric with respect to all symmetry operations 

permitted by the point group to which the molecule belongs, that is 

totally symmetric ^ (II, 30) 

or, for degenerate vibrational levels a product of appropriate linear combinations 
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of the mutually degenerate vibrational eigenfunctions must be totally symmetric. 
In either case (degenerate or non- degenerate) this conclusion is equivalent to the 
selection rule: only vibrational levels of the same vibrational species in the upper as 
in the lower state can combine with each other. This is the general vibrational 
selection rule in allowed electronic transitions. The difference of this selection 
rule from that for the pure vibration spectrum in the infrared should be noted: the 
dipole moment M does not enter (II, 28) and (II, 30) since it is already contained 
in the electronic transition moment 

According to the general vibrational selection rule (II, 30), in cold absorption, 
from the vibrationless ground state only totally symmetric vibrational levels of 
the excited state can be reached. Similarly in emission from the lowest vibrational 
level of the excited state only totally symmetric vibrational levels of the ground 
state can be reached. 

The general selection rule (II, 30) is derived on the assumption of the validity of 
the product resolution (II, 4), that is, of negligible vibronic interaction of type (a). If 
this assumption is not fulfilled we must use for the transition moment the general 
expression 

= J (11, 19) 

that is, all those transitions may occur for which the product has the same 

species as Af. In an allowed electronic transition we must choose forAf that component 
that gives a non- vanishing according to (II, 1) and therefore we are led back to 

(II, 30). Other components of M may also give non- vanishing Re i't-i" but they 
correspond by our definition (p. 138) to forbidden components of the electronic transition 
(see subsection )3). 

Transitions between non-degenerate electronic states. Since the 
higher vibrational levels of a totally s;^Tnmetric vibration are totally symmetric it 
is clear that according to the general selection rule, progressions of bands corre- 
sponding to totally symmetric vibrations occur in symmetrical molecules, entirely 
similar to the progressions discussed earlier for unsymmetrical molecules. For 
example, if there are two totall}^ symmetric vibrations we have the same double 
Deslandres table as discussed in the preceding subsection (Fig. 51). The intensity 
maxima in each progression are determined as before by the relative positions of 
the potential surfaces of the upper and lower states (see below). Totally" sym- 
metric in this connection means sjnnmetric with respect to all symmetry operations 
that apply to both the equilibrium position of the one and that of the other 
electronic state (see p. 130). 

An anomalous intensity distribution in the totally symmetric progressions will 
arise if the electronic transition moment happens to he very small and therefore the 
0 — 0 band is very weak. As mentioned earlier, higher members of the progressions 
may then be much stronger through vibronic interaction of one or more totally sym- 
metric vibrations if there is near the upper state another electronic state of the same 
species which combines strongly with the lower state. 

The higher vibrational levels of an antisymmetric vibration (i.e., a vibration 
that is antisymmetric with respect to at least one element of symmetry) are 
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Fig. 55, Form of Deslandres table for one symmetric (vj) and one antisymmetric 
{vji) vibration. Compare Fig. 51. Note the absence of the odd sequences in v^. The drop in 
intensity with increasing is usually much greater than represented by the size of the black 
circles. 


symmetric for even antisymmetric for odd Therefore, according to the 
general selection rule, Vf^ can only change by an even number, that is 

= 0, ±2, ±4, (II, 31) 

If there is one totally symmetric vibration vi and one antisymmetric vibration vj^ 
then in the “double” Deslandres table all sequences with = ±1, + 3, +5, ... 
are missing as shown schematically in Fig. 55. 

The relative intensities of the transitions with A.Vj^ = 0, +2, + 4, . . . which 
do occur can readily be predicted on the basis of the Franck-Condon principle. 
One finds that the transitions with = 0 are always by far the most intense, 
that is, the bands in the main diagonals of the Deslandres sub-tables are the most 
intense. The reason for this conclusion is immediately seen when it is realized that 
as long as the symmetry is the same in upper and lower state the potential minimum 
occurs at the same value of the antisymmetric coordinate (viz., = 0) for both 
states irrespective of any contraction or expansion of the molecule that conserves 
the symmetry. Just as for a symmetric vibration for which the potential minima 
have the same position in the two states, here an appreciable intensity of the bands 
with # 0 can arise only when the frequency of the antisymmetric vibration 
in the two states is very different; but even when the frequency changes by as much 
as a factor 2 (which is very rare) the Avj^. = 0 transitions contain 94.4 per cent of 
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the intensity [see eq. (II, 29)]. Thus in cold absorption, when only one symmetric 
and one antisymmetric vibration are present, only one progression of bands, 
corresponding to 0 — 0, 1 — 0, 2--0, . . . in the symmetric vibration i/j, appears with 
appreciable intensity. All other bands, with # 0, are very weak. For hot 
absorption instead of a progression of single bands we obtain a progression of 
sequences with Avf^ = 0 if is small enough to be thermally excited. 

If several antisymmetric vibrations v;, are present, transitions 'v^ith 

= ± ±3 , ... or Avi = + 1 , ± 3 . . may appear (in addition to At\ = 0, 

±2 , Avi = 0, + 2, . . .) as long as for each symmetry element 

2A«^ = 0, +2, ±4 (n. 32) 

where is the vibrational quantum number of a vibration that is antisymmetric 
with respect to that particular symmetry element for which J^Av^ is formed. 
This is because only then will the resultant vibrational species be the same in the 
upper and lower state. As an example, consider a transition in symmetrical X2Y4 
(point group D2h) in which, apart from totally symmetric vibrations, in the upper 
state and VQ{b2g) and in the lower state ^12(^3^) are singly excited. 

This transition is allowed by the general selection rule (II, 30) as is readily seen 
since x b^g x 63? x ^3u = same time Ai\ = -f 1, Av^ = +1, 

A2;e = +1, Ari2 = “I? but for the vibrations antisymmetric to an}^ one of the 
planes of symmetry 2 = +2. 

If a degenerate vibration is singly excited, the vibrational species is degenerate 
and therefore, according to the general selection rule, such a level cannot combine 
with one in which no degenerate vibration is excited, that is, a 1—0 or 0 — 1 
transition of a degenerate vibration is always forbidden no matter what other 
non- degenerate vibrations are excited in the upper and lower state. 

If a degenerate vibration is multiply excited we have to consider the 
quantum number ~ Vj^, Vj^ — 2, I or 0 which characterizes the different sub- 
levels that occur (see p. 21). It is easily seen (see Longuet-Higgins, Opik, Pryce 
and Sack (769)) that for this quantum number we have the selection rule 

Alj, = 0 (II, 33) 

and therefore since is even or odd when Vf^ is even or odd, we see that again 

Av]^ — 0, +2, + 4 , . . . . (II, 31) 

For several point groups the selection rule (II, 31) is supported by symmetry 
considerations, namely for those point groups, like I>2dj which 

only the even overtones of a degenerate vibration have a totally symmetric com- 
ponent and therefore only the even or only the odd vibrational levels can combine 
with a given level of the other electronic state. In such cases the selection rule 
(II, 31) is rigorous even if finer interactions are taken into account. (We do not 
consider here forbidden components of allowed electronic transitions, see subsection 
2b (^).) In other point groups (e.g., Dqi^, T^, . . . ) aU overtones of the degener- 
ate vibrations contain at least one totally symmetric component (see Table 32 of 
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Vol. II, p. 127) and therefore as far as symmetry is concerned a combination with 
a given totally symmetric level of the other electronic state is possible for even as 
well as odd Vj^, that is, the rule (II, 31) is not rigorous. But in all cases the 1—0 
(or 0 — 1) transition of a degenerate vibration is forbidden by symmetry and the 
rule (II, 31) holds at least to a good approximation. For degenerate vibrations, 
as for antisymmetric vibrations, the intensities of all transitions with # 0 are 



Fig, 56. Application of the Franck-Condon principle to a planar symmetrical XYg 
molecule if the symmetry of the equilibrium conformation is the same in upper and 
lower state. The full-line circles represent the equilibrium conformation of the lower state, 
the broken-line circles that of the upper state. The arrows indicate the motion started 
according to the Franck-Condon principle immediately after the electronic transition. 

very weak compared to those with Avj^ = 0, even for a fairly large change of the 
vibrational frequency. 

If several degenerate vibrations are present their simultaneous excitation in 
an electronic transition may take place whenever the resultant vibrational species 
(see Appendix III of this Volume and Table 32 of Vol. II) in the upper and lower 
states are the same. But again all these transitions have very small intensities 
compared to those with = 0. 

As an example consider a linear molecule of point group D^oh ^ 2 ^ 2 ) ih 
which in the lower state the TTg bending vibration is triply excited and the 
vibration is singly excited while in the excited state v{7rg) is doubly, v(7tJ triply 
excited. The resultant vibrational species of the lower state are , S ~ A^, 
while those of the upper are 11^, n,y, II^j, <!>„, Thus there are no equal 

species and the transitions from any sublevel of the upper to any sublevel of the 
lower state are forbidden even though for the vibration Av^ = 2. This con- 
clusion holds for any allowed electronic transition as long as vibronic coupling can 
be neglected. 

Most of the preceding conclusions established here by rigorous symmetry 
considerations can also be derived qualitatively from an application of the 
elementary form of the Franck-Condon principle. For example, if a planar 
symmetrical XY3 molecule has the same symmetry in an excited state as in the 
gronnd state but with a different XY distance (see Fig. 56), then immediately after 
the electron jump the nuclei wiU be symmetrically displaced from the new equilib- 
rium position and wid start oscillating in the symmetrical ‘'breathing” vibration, 
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the only totally symmetric vibration. This is the only vibration that can be 
strongly excited by light absorption or emission (if there is a change of equilibrium 
XY distance). This qualitative consideration illustrates clearly why antisym- 
metric or degenerate vibrations are not (or only very weakly) excited, i.e.. why 

= 0 gives the strongest transitions. 

For symmetrical just as for unsymmetrical molecules, the positions of the 
intensity maxima in progressions of totally s^-mmetric vibrations depend on the 
change of the positions of the potential minima as functions of the corresponding 
(totally symmetric) normal coordinates, that is, of the bond distances and angles 
involved in the particular vibrations in the upper and lower states. In general, 
for absorption from the lowest \dbrational level of the ground state a single intensity 
maximum appears in a given progression but, just as for diatomic molecules, when 
the molecule is vibrationally excited in the ground state, progressions with two or 
even more intensity maxima may arise. If only one totally sjunmetric vibration 
is excited in the ground state, there will be two principal intensit\" maxima in the 
progression, corresponding to the two classical turning points of the vibrational 
motion. If several (? 2 ) totally symmetric vibrations are excited, the classical 
motion in the lower state is a Lissajous motion which has in general 2T turning 
points. Therefore on a classical basis 2” intensity maxima would be expected in a 
progression arising from such a lower state. Moreover, additional maxima may be 
expected which correspond to constructive interference of the wave functions of 
the upper and lower states in regions between the turning points, similar to tlie 
minor intensity maxima in progressions of diatomic molecules which .sometimes 
occur in addition to the main maxima. Some quantitative formulae for the 
intensity ratios of bands in a progression as a function of the changes of the inter- 
nuclear distances have recently been given by Coon, DeWames and Loyd (227) 
w^ho have suggested their use for the converse operation, nameh’ the determination 
of the changes of geometric parameters in an electronic transition. 

The intensity distribution in sequences is quite different from that in pro- 
gressions. In absorption it is determined by (a) the Boltzmann factor 
and (b) the overlap integral (II, 28). For the members of the Ay = 0 sequence 
the overlap integral does in general not vary greatly; it is in a first approximation 
constant (independent of y) when there is no change in the equilibrium positions of 
the nuclei. As we have seen this condition is necessarily fulfilled for antisym- 
metric or degenerate vibrations. While therefore for the = 0 sequences in 
these vibrations the overlap integral is always independent of v, for the At\. ^ 0 
sequences, which are always very weak compared to the Ay^ = 0 sequences, a 
strong dependence on v arises. In particular one finds if — vl\ is not too large 
that for the = ± 2 sequences in an antisymmetric (non-degenerate) vibration 
the overlap integral increases with (y^ + 1) and therefore the intensity increases 
with {vl + 1)^ in the Ay^ = -f-2 sequence, and with (y^ + 1)^ in the — 2 

sequence [see Sponer and Teller (1155)]. Similarly for the Ay^ = ±4 sequences 
the intensity would increase as (y^ + 1)^. These increases have, of course, to be 
combined with the Boltzmann decrease. In Fig. 57 the theoretical relative 
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intensities in these sequences are plotted for T ~ 725° K and v'j^ = 200, = 250 

cm “ but the intensities of the sequences Avj^ = ± 2 and Av,^ = ± 4 are multiplied 
by a factor 15 and 225 respectively in order to make it possible to plot them in a 
single diagram. For low temperature, of course, only the 0—0, 2— 0, 4 — 0, . . . 
bands would remain. 

If degenerate vibrations are excited in the lower state the situation is similar 
except that a third factor comes in: the statistical weight of the lower state which 



Ai/^ = 4 Ai^=+2 Ai/^=0 = Ai^ = -4 


Fig. 57. Intensity distribution in sequences oi different values. The separations 
of the bands are plotted to scale for = 200, v'h = 250 cm"^. The relative intensities are 
plotted for T = 725° K. The actual intensities of the Av^^. = ±2 and +4 sequences are 
and -STS- respectively of those plotted. 

for doubly degenerate vibrations increases as (-y + 1) (disregarding the anhar- 
monicity splitting; see p. 21). The intensities in the sequences (see Fig. 57) have 
to be multiplied by this factor. 

The preceding considerations show that, while symmetry simplifies the 
spectrum considerably, even for a symmetrical molecule usually a rather com- 
plicated vibrational structure will result except for the simplest molecules. Often 
•it is imperative, in order to obtain a vibrational analysis, to simplify the spectrum 
by studying the absorption at low temperature or by studying the emission under 
conditions under which only one vibrational level of the excited state is excited. 

A relatively simple example is provided by the absorption spectrum of HgCl 2 
near 1700 A, first studied by Wehrli (1285) and analyzed by Sponer and Teller 
(1154)(1155). Figure 58 gives a reproduction of three spectrograms taken at three 
different pressures. At low pressure there is a single main progression in a fre- 
quency of 289 cm“^ which in all probability corresponds to a stretching vibration 
in the excited state. Since the molecule is known to be linear in the ground state 
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Fig, 58 . Absorption spectrum of HgGl2 near 1700 A. In order to show both the 
stronger and the weaker bands three spectra taken at three different pressures are reproduced. 
The assignments of the bands (in the form v\v',2. s-re given above and below the spectro- 

grams. 

the observation in absorption of a single main progression in a stretching vibration 
can be understood only by the assumption that the molecule is also linear in the 
excited state since then only one totally symmetric vibration exists in the excited 
state as in the ground state and thus at low temperature only one progression can 
occur in absorption. Actually since kT at the tempera tm*e used was not small 
compared to a (much weaker) progression was found extending to longer 
wavelengths and corresponding to the thermal excitation of the symmetrical 
stretching vibration in the ground state. In addition, very weak bands on either 
side of the 0—0 hand are present which must be assigned as 0—2 and 2—0 bands 
corresponding to the bending vibration vg. At higher pressures, similar bands 
accompanying other main bands are visible as web as second members of the 
sequences of which the main bands are the first members. These are sequences in 
vi; sequences in vg starting from the main bands are not resolved. There is, 
however, evidence that higher members of the sequences with Av 2 = ±2 are 
stronger than the lower ones (see Fig. 57) and this accounts for certain shifts of 
these unresolved groups. 

, Transitions between electronic states at least one of which is 
degenerate. If the interaction of vibration and electronic motion is weak, the 
vibrational structure of electronic transitions involving degenerate electronic 
states is the same as of those involving only non-degenerate states. A^ain the 
vibrational transitions are determined by the general selection rule {II, 30) and 
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the rules (TI, 31) and (II, 32) derived from it. However, if the interaction of 
vibration and electronic motion is not negligibly small, we must consider the effect 
of the vibronic splittings (Renner-Teller and Jahn-Teller splittings) on the 
vibrational structure of the band system. Conversely, the complication of the 
vibrational structure produced by vibronic interactions may be used to recognize 
whether or not the upper and lower state of a band system is degenerate even if 
the rotational structure is not resolved. 

In addition to the splitting of certain vibrational transitions, further tran- 
sitions will occur which for zero vibronic interaction are strictly forbidden by the 
selection rule (II, 30). If vibronic interaction is strong the product resolution 
(II, 4) of the wave function is not valid and we must use for the transition moment 
the earlier expression 

^e'v'e"v" ” J (H, 19) 

that is, all those transitions can occur for which the product contains the 

species of the dipole moment characterizing the transition. While for non- 
degenerate electronic states this more general selection rule leads to the same 
transitions as the rule (II, 30), for degenerate electronic states this is no longer so 
when degenerate vibrations are excited, since then several vibronic states 
arise from a given and of these one or more may give the right symmetry of 
if (II5 30) is not fulfilled. [Note that we are not considering here 
forbidden components of the electronic transition, for which (II, 19) is fulfilled 
because a dipole component different from that for the 0 — 0 band is used; see 
subsection (|8).] 

In Pig. 59a and b the vibrational transitions in a ^11 — electronic transition 
of a linear molecule are shown without and with vibronic splittings. Only the 
levels corresponding to excitation of a bending vibration are shown. Under the 
energy level diagrams schematic spectra are drawn. The transitions form three 
sequences Au;^. = +2, 0, ~2 of which the one with Ar^^. = 0 is by far the strongest. 
At low temperature only the 2 — 0 and 0 — 0 bands would occur. The effect of the 
vibronic splitting is, as seen in Fig. 59b, that certain transitions that are single in 
Pig. 59a are split into two or three components. The magnitude of the splitting, 
as we have seen in Chapter I, section 2, may be quite considerable, often much 
larger than the separation of bands in a sequence. Some transitions, indicated by 
broken lines in Fig. 59, are forbidden in the limiting case of zero vibronic interaction 
by the rule (II, 30) but can now occur according to the more general rule (II, 19) 
(see p. 137). For example the transitions to the extreme left in Fig, 59b would 
go from a A vibrational level to a S vibrational level and is therefore forbidden 
according to (II, 30). However, vibronically the upper level is H and it can com- 
bine with the lower S level with the same dipole component as the pure electronic 
transition according to the selection rule (II, 19) if vibronic interaction is present. 

Splittings of the type illustrated by Fig. 59b have been observed for C3 
[Gausset, Herzberg, Lagerqvist and Rosen (411)] and C2H3 [Herzberg (523)]. 
For these molecules the g, u symmetry has to be included but does not change the 
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Fig. 59. Vibrational transitions in the bending vibration for a ^11-^2 electronic 
transition of a linear (triatomic) molecule (a) without and (b) with vibronic (Renner- 
Teller) splitting. The weights of the lines representing the transitions and of the “lines” in 
the schematic spectra indicate the relative intensities. Transitions occurring only when 
vibronic interaction is introduced are represented by broken lines. 


spectrum except that the = + 1 transitions are rigorously forbidden even for 
large vibronic coupling. 

It is readily seen that if higher vibrational levels of the perpendicular vibration 
of a linear molecule come into play, e.g., in emission or in absorption at a high 
temperature, an extremely complicated vibrational structure may arise when the 
vibronic interaction is large. This was the reason that the vibrational analysis of 
the 4050 A group of C 3 , w^hich is a ^0 — transition, presented such difficulties 
even though the molecule is linear in both upper and lower state. Not onl^’ is the 
vibronic interaction very large, but also the frequency of V 2 is very small in the 
ground state (63.5 cm“^) while it has a much larger value (307 cm~^) in the upper 
state. For these reasons the normally weak transitions with Ai\ = ±2, ±4 are 
relatively strong, and in addition, hot bands are very strong even at room 
temperature. 

Additional complications arise when there is an appreciable multiplet splitting 
as is the case for NCO and BO 2 since, as we have seen in Chapter I, the spin 
splitting is affected by the bending vibration. Nevertheless, the analysis of the 
doublet transitions in NCO [Dixon (281) (282)] and BO 2 [Johns (630)] actually 
preceded the analysis of the singlet transitions in C 3 and C 2 H 2 . Figure 60 shows 







Fia. 60. Observed vibronic levels and transitions for the system of BO 2 

after Johns (630). Only the levels and transitions involving the bending vibration V2 are 
shown. Levels that have not been observed directly are indicated by broken lines. Both in 
the upper and lower state the ^IIu 020 vibronic levels are shifted on account of Fermi interaction 
with the 100 level. 
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as an example part of the observed vibrational energy level diagram for the — 
bands of BO 2 according to Johns, with a schematic spectrum below. The origin 
of the various sub-bands of the 1 — 1, 2 — 2, . . . vibrational bands is illustrated by 
this figure. The positions of the component levels of 020 in upper and lower state 


vibrational vibronic 

species Vf species j 



(a) (b) 


Fig. 61 . Vibrational transitions in a degenerate vibration for a electronic 

transition of a C 3 „ molecule (a) without and (6) with vibronic (Jahn-Teller) splitting. 
Compare the caption of Fig. 59. The quantum number j at the right is well defined only if the 
three identical minima in the excited state can be combined into a trough of nearly cylindrical 
symmetry. 

are slightly modified here compared to expectation (Tig. 8) by Fermi interaction 
with the 100 level. 

An example ofa^ri—^E" transition is provided by the band group at 3290 A 
of the NON molecule recently analyzed by Herzberg and Travis (543). Here both 
the triplet splitting and the vibronic splitting is fairly large (A = —37.56, 
ecu 2 = —85.7 cm”^). ^fl— transitions are also present but have not yet 
been fully analyzed in the vacuum ultraviolet spectrum of CHg [Herzberg (521)]. 

For non-linear molecules a similar complication of the vibrational structure 
occurs in — A ov E—E electronic transitions on account of vibronic interaction 
(Jahn-Teller effect). Figure 61 presents an energy level diagram, similar to Fig. 
59, for a degenerate vibration of a molecule, both for zero and for non-zero 
vibronic coupling. Again several bands that would be single without vibronic 
interaction are split on account of this interaction, in particular the 1 — 1 and 2—2 
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bands in the degenerate vibration. Moreover several transitions (indicated by 
broken lines) would be forbidden for vanishing vibronic interaction aeeordins: to the 
selection rule (II, 30) but do occur on the basis of the more general rule (II. 19). 
Among these “forbidden” vibrational transitions are in particular 1—0 and 0 — 1 
in the degenerate bending vibration (see p. 153). 

An example is supplied by the strong absorption system of CF3I extending 
from 1775 to 1650 A which is reproduced in Fig. 62. At low pressure three 
progressions are immediately evident which extend from the 0-0 band at 57494 
cm“^ to higher wave numbers, with spacings 231, 682 and 969 cm“h These 
three spacings must clearly correspond to the three totally s^nnmetric vibrations 
V3, v'z, v[ respectively of the molecule in the excited state. Combinations of these 
vibrations like A v'z, v'l + 2^3, etc. account for most of the other strong bands. 
At high pressure hot bands appear at the long wavelength side of the 0 — 0 band, 
three of which are separated from the 0 — 0 band by 286.5, s and 1075.4 cm " h 
These numbers correspond exactly to the known totally symmetric infrared 
fundamentals V3, vl respectively of CF3I in the ground state. The agreement 
with the infrared data is quite striking and represents a nice confirmation of the 
correctness of the interpretation of the spectrum. 

Each of the main absorption bands of CF3I is accompanied by weaker bands 
forming sequences which are clearly hot bands corresponding to the excitation of 
the two lowest vibrations vg and yg with 1, 2 and 3 cpianta in the upper and lower 
states of the main bands. Up to this point the whole structure of the band sy.steni 
would be equally compatible with that of an Aj and an E — Ai electronic 
transition. It is only when one considers the detailed structure of the se(j[uences 
just mentioned that a decision between these two alternatives can be reached. 

In Fig. 63 the 0 — 0 sequence and the 0 — y^ sequence are shown under larger 
magnification. It is seen that the second member in each of these sequences 
consists of at least three component bands. The longward component in the 0 — 0 
sequence has a separation of 66.3 cm“^ from the main band which agrees as closely 
as can be expected with the difference yg — yg = 286.5 — 231.3 == ^^-2 This 

component must, therefore, be assigned as the one for which yg is excited in both 
upper and lower state. The fact that there are two other components of similar 
intensity, i.e., similar Boltzmann factor when onl}" one other low hung fundamental 
is available (yg), can be accounted for if it is assumed that the upper electronic state 
is degenerate (i.e., has species E) and that the vibronic interaction in this state 
produces a Jahn-Teller sphtting of the level vq. As shovm by Fig. 61 there are 
then three close lying levels {E, Aj, Aq) of which two (A^ and A2) may not be 
resolved. Thus the combination of the single lower level (vg) of species E with 
the upper levels E and Ai, A 2 would give rise to at least two component bands 
in the spectrum as observed. 

It is significant that the splitting for the second member of the sequence 
starting with the 0 — yg band is identical with that for the second member of the 
0 — 0 sequence. These two members have the same upper states. Similar 
splittings are observed in other sequences, but these are not as clear, sometimes 
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exhibiting more than three components. In the upper states of these other 
sequence members, in addition to vg or vg, other vibrations vi, va, vg and their 
overtones are excited and Fermi resonances may easily occur which complicate the 
situation. 

According to Fig. 61 the 2vq — 2vI bands of the 0 — 0 and the 0 — vg sequences 
should consist of six components, of which three may not be resolved. In other 



1748.0 A 1749.6 A 


Fig. 63. Spectrograms of the 0*-0 and O — vq sequences of the B — X bands of GFgL 
These spectrograms represent two small sections of Fig. 62 taken with higher resolution. The 
two heads indicated by i — > correspond in each case to the 1 — 1 band of the sequence in vg 
(see p. 161). 

words, there would be four or more components plus one component due to 
2^3— 2^3. Four or five components are indeed observed, but a detailed inter- 
pretation is not yet possible because no theoretical estimates of the relative 
intensities are available. 

It may be noted that the conclusion that the CFgl spectrum here discussed 
has a degenerate upper electronic state has so far been entirely based on the 
discussion of hot bands and their splittings. Additional confirmation of this 
conclusion has been obtained by the observation of the weak forbidden vg— 0 
band and of its rotational structure (see below). 

Further differences of E— A ot E—E electronic transitions from an A— A 
electronic transition (involving non- degenerate states only) arise when the vibronic 
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interaction is large. As already mentioned, with increasing coupling of vibration 
and electronic motion the quantum number 1^. becomes less and less well defined 
and therefore the selection rule (II, 33) becomes less and less applicable. As a 
consequence the selection rule (11,31) remains valid only for those degenerate 
vibrations that are antisymmetric with respect to one of the elements of symmetry 
of the system (if such an element is present). The reason for the breakdown of 
(II, 33) is that now we can no longer separate the electronic and vibrational part 
of the eigenfunction and must base our considerations of selection rules entirely 
on the vibronic eigenfunctions of the levels. Thus for a ^3v molecule (see Fig. 
61b) a totally symmetric (A^) lower vibrational level can combine with every 
vibrational level of an e vibration of the E upper electronic state since each of 
these levels has at least one E vibronic component. But for a (or Dg^) 
molecule in an E' — A'i (or E^^ — Aig) electronic transition the combination with the 
odd overtones of an e" (or e^) vibration w'ould still be forbidden (that is (II, 31) is 
stiU vahd) no matter how^ strong the vibronic interaction is, since the E vibronic 
sublevels of the odd vibrational levels have E" (or Eg) symmetry and according to 
(II, 19) cannot combine with the A[ (or Ai^) ground state. 

For strong vibronic coupling in the degenerate electronic state w'e have instead 
of the quantum number the quantum number J;. =; (see Chap. I, section 

2c) for which according to Longuet-Higgins, Opik, Pryce and Sack (769) the 
selection rule is 

ifc — = ± i 34) 

where is the value in the low^er, non-degenerate state. This rule establishes 
which of the ‘‘forbidden” vibrational transitions made possible by vibronic 
interactions [that is, of those that are possible according to (II, 33) but not accord- 
ing to (II, 30); see the broken-line transitions in Fig. 61b] ma\^ occur fairly strongly 
in a first approximation. It implies, for example, that if there are several E 
vibronic levels for a given (e.g. = 2, see Fig. 61b) only one of them can com- 

bine with a given A^ vibrational level (l'^ — 0) of the low'er electronic state. It 
should, however, be emphasized that the introduction of the quantum number j}^ 
is based on the assumption of a trough-like potential function (Fig. 17a) without 
separate minima. To what extent the results here discussed w’ould be modified 
by dropping the assumption is not knowm. 

Longuet-Higgins, Opik, Pryce and Sack have calculated for various strengths 
of vibronic interaction the intensity distribution in the 0 progression in 
absorption and the 0 — vl progression in emission. We reproduce in Fig. 64 their 
results only for D = 2.5. Here it has been assumed that the vibrational frequency 

in the upper state is the same as in the low^er. Therefore without vibronic 
interaction (D = 0) we would observe only a single band, the 0 — 0 band in either 
progression. (For ^ o)'^ and zero vibronic interaction we w^ould have two 
progressions of bands with very rapidly decreasing intensity and with spacings 2co'f^ 

and 2a)fc, since Avj^ = 0, ±2, ) Instead we have now’ an absorption progression 

{E Ai) with a somewhat irregular spacing of about (see Fig. 22c) and an 
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emission progression {E A i) with a regular spacing ( = ca^). The former has 
two intensity maxima, the latter has one. These maxima are not at the 0—0 
band but at a non-zero or vl value which increases with increasing D value. 
The difference from the case of zero vibronic interaction is very pronounced. 

The reason for this difference is qualitatively apparent when one applies the 
Franck-Condon principle to the potential function of an E (upper) state with 




Fig. 64. Intensity distribution in a progression in a degenerate vibration for an 
E~ A electronic transition of a Cg^ molecule in emission and absorption when Jahn- 
Teller interaction is large (D = 2.5) [after Longuet-Higgins, Opik, Pryce and Sack (769)]. 
It has been assumed that Therefore without vibronic interaction only the 0 — 0 

band would occur in either progression. 

D = 2.5 (see Fig. 23c) and a normal potential function of a non-degenerate (lower) 
state with its minimum at the origin: transitions from the minimum of the upper 
curve to the lower give clearly a progression with intensity maximum at 7^= 0 
while transitions from the minimum of the lower curve to the upper give a progres- 
sion with an intensity maximum at ^ 0. Since there are two branches of the 
upper potential function it is not surprising that actually two intensity maxima 
arise corresponding to points above and below the eusp. It is interesting to com- 
pare the intensity distribution in the present case with that when the excited state 
is non-degenerate and has a non-symmetrical equilibrium position. Clearly the 
intensity distribution would be very similar except that there would be only one 
intensity maximum in the progression observed in absorption. 

For very small vibronic interaction, as is readily seen from Fig. 21 or 22a, 
the progression in wiU have alternately smaller and larger intervals (since only 
the levels with f = ^ can combine with the lowest vibrational level of the 
lower state). However in this case the intensity will very rapidly decrease from 
the 0 — 0 band on. If there is a substantial difference between and alternate 
bands, with even would be stronger since they would be the only ones 
remaining for zero vibronic interaction. 

No clear example of an intensity distribution as in Fig. 64 for an E—Ai 
electronic transition has as yet been observed. However, the occurrence of a weak 
1 — 0 hand in vq for both CF3I [Herzberg (523)] and CH3I [Mulliken and Teller (917)] 
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indicates the beginning of such an anomalous intensity distribution. Since in 
these examples D is very small, the intensity maximum is still at I'g = 0, but the 
1—0 band (and similarly the 0 — 1 band) could not occur at all without vibronic 
interaction'^^. 

It is interesting to note that considerable changes in the infrared and Raman 
spectra are to be expected for molecules that have a degenerate electronic ground 
state, if vibronic coupling is not negligible. For example, it is immediately clear 
from Fig. 59b that a linear molecule in a 11 ground state would show in the infrared 
instead of one band corresponding to a bending frequency three bands corre- 
sponding to the three Renner-Teller components S" and A. Similarly, 
according to Fig. 61b, in a molecule with an E ground state instead of a single 
J_ band corresponding to a degenerate fundamental three such bands would 
arise corresponding to the Jahn-Teller components E, A 2 , each of which can 
combine with the lowest vibrational level which has species E, Another peculiarity 
first estabhshed by Child and Longuet-Higgins (194) is that in such molecules 
certain vibrations which are infrared-inactive in normal molecules can become 
infrared-active. The breathing vibration of a planar symmetrical XY 3 

molecule is an example. A general discussion for orbitally degenerate electronic 
states has been given by Child and Longuet-Higgins and for spin -degenerate 
states by Child (192). 

No simple examples have as yet been found experimentally but Weinstock 
and (Goodman (1286) have reported several interesting effects of Jahn-Teller 
interactions in the infrared spectra of a number of hexafluoride molecules of 
octahedral symmetry. 

Transitions between states with different symmetry of the equilibrium 
conformation. Up to now we have assumed that the molecule has the same 
symmetry in the equilibrium positions of both upper and lower state. This 
assumption has been shown to be invalid for many observed spectra. Let us, 
therefore, consider the effect of a change of symmetry on the vibrational structure 
of a band system. As emphasized before we must in such a case appl}" the selection 
rules that correspond to the common elements of s;^nnmetry. If that is done, the 
same rules apply as before. However, it is useful to consider a few examples in 
order to see what precisely the effect of the difference in symmetry is on the 
vibrational structure and how, conversely, from the observed vibrational structure 
conclusions can be drawn about the difference of symmetry of the molecule in the 
two equilibrium positions. 

A very striking example is provided by the HCN molecule. In the first 
absorption system (A— Z) which begins at 1910 A several long progressions are 

It may be noted that there are two ways in which 1 — 0 and 0 — 1 bands in a degenerate 
vibration can arise, either by J ahn-Teller interaction (i.e., vibronic interaction within one and 
the same electronic state) as assumed in the preceding discussion, or by vibronic interaction 
with another electronic state of different symmetry. In the latter case the 1 — 0 and 0—1 
bands in the E — Ai electronic transition would have 1] structure, that is, would be Ai—Ai 
vibronic transitions. The observed ± structure of the CH3I and CF3I bands in question 
eliminates this latter possibility. 



168 


ELECTRONIC TRANSITIONS 


11,2 


observed, as shown schematically in Fig. 65. These progressions have intensity 
maxima at a considerable distance from their first bands. The separations of 
successive bands in each progression are about 940 cin"^ while different progres- 
sions are separated by 1496 cm~h Thus two vibrations, 940 and 1496 cm‘'\ 
are excited in the upper state. If HCN were linear in the upper state {A) as it is 
in the ground state, only the totally symmetric vibrations 1/3(0 — N) and vi(C — H) 
could be excited with appreciable intensity and one would have to assign the 



Fig. 65. Observed progressions in the A — X system of HCN. A few bands that have 
not been observed but are useful in showing the regularities have been added as broken, lines. 
The progressions are shown separately in the lower part of the diagram. For a discussion of 
the hot bands see p. 203f. 

observed frequencies, 940 and 1496 cm"^, to these two vibrations. Since in the 
ground state these frequencies are 2089 and 3312 cm"'^ respectively, they would 
have to drop by more than a factor 2 in the excited state if one wanted to retain 
the assumption that the molecule is linear in the excited state. This remote 
possibility is definitely excluded by the investigation of DGN which also shows the 
excitation of two vibrations in the excited A state with frequencies 735 cm"^ and 
1500 cm~^. The lack of an isotope shift between HCN and DON for the higher of 
the two vibrations shows that it cannot be the C — H stretching vibration but must 
be the C — N stretching vibration (which in the ground state is 2089 cm ~ There- 
fore the lower vibration (which shows a large isotope effect) must be assigned to the 
bending vibration which in the ground state is 712 cm' ^ for HCN and 569 cm~^ 
for DCN^. The existence of long progressions in the bending vibration V 2 proves 
that the molecule is bent in the excited state, since for a linear-linear transition 
bands with AV 2 0 would be very weak. The non-linearity in the excited state 
is fully confirmed by the rotational analysis. 

It is interesting to consider what would be the structure of the fluorescence 
spectrum of HCN which would result from a transition from the lowest vibrational 

^ The alternative that the lower frequency of the excited state corresponds to the C — H 
stretching vibration which has the frequency 3312 cm“^ in the ground state is most unlikely to 
he correct but is difficult to eliminate imambiguously on vibrational evidence alone. 
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Fig. 66. Hypothetical fluorescence spectrum of HCN corresponding to the A — X 
absorption system. Only one upper vibrational level is assumed to be excited and only the 
progression in the bending vibration of the lower state, is shown. Note the alternation of 
sub -bands with even and odd L 

level of the excited state to the various vibrational levels of the ground state. 
(In spite of considerable effort such a fluorescence spectrum has not been observed, 
presumably on account of predissociation in the excited state.) One would expect 
to find a strong excitation of both the bending vibration {1^2 — cm"^) and 

the C^N stretching vibration (^3 = 2089 cm’^) in the ground state. However, 
in this case, different from the absorption spectrum, the progression in the bending 
vibration would show with increasing V 2 ^ splitting into an increasing number of 
sub-bands corresponding to the different possible values of 1. In Fig. 66 the 
structure of such a progression is shown schematically. The sub- bands are 
marked S, FI, A, . . . corresponding to the value of I in the lower state. It should 
be noticed that even and odd I values alternate in succeeding members of the 
progression. 

Absorption spectra similar to that of HCN have been found for C2H2 [Ingold 
and King (600)(601), limes (605)] and CS2 [Kleman (680)]. Here also the vibra- 
tional structure leads to the definite conclusion that these molecules which are 
linear in their ground states are non-linear in their first excited states. 

A striking example of the opposite type is provided by the absorption spectrum 
of NH2 in the visible region [Dressier and Ramsay (308)]. Here also a long 
progression of absorption bands is found, with a spacing of 622 cm“^. From the 
rotational structure it is known that in the ground state the molecule is strongly 
bent with an angle of 103°. The frequency of 622 cm“^ in the excited state can 
only correspond to a bending vibration and the fact that there is a long progression 
in this bending vibration therefore implies that there is a large change m the angle 
of bend of the molecule. 

Actually a more detailed investigation shows that there is a series of sub- 
hands for each member of the progression similar to the sub-bands mentioned for 
the fluorescence spectrum of HCN, and the rotational analysis shows that the I 
values of these sub-bands alternate between even and odd values in succeeding 
bands of the progression. Therefore at least in the region of the observed tran- 
sitions the molecule must be considered as linear. Again, as before, C21, is the 
symmetry that the equilibrium positions of the two states have in common, and 
the selection rules for this symmetry, but not those for (or Cooy), allow the 
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occurrence of a long progression in vg. Dixon (286a) has shown by a comparison 
of the observed separations of the bands of lowest v with those expected for a 
quasi-linear molecule (see Chap. I, section 3c) that NH2 in its first excited state is 
not strictly linear but rather that there is a small hump in the potential function 
when plotted against the angle of bend (see Fig. 44). 

A second example of the same type, but not as completely resolved, is the 
absorption system of NO2 in the region 1650-1360 A studied by Ritchie and Walsh 
(1071). The alternation in each V 2 progression between even and odd I 2 values is 
clearly marked in that the intervals between the first three sub -bands are alter- 
nately in the ratio 4:12 and 8:16 as expected because of the terms ^722^2^ 
{A'-B)K^ in the energy formulae for the upper and lower state respectively (see 

p. 211). 

Several examples of planar-non-planar transitions are provided by the NH3 
molecule. A number of absorption band systems have been observed in the ultra- 
violet, starting at 2100 A, and each of these at low temperature consists of a single 
fairly long progression of bands with a spacing of about 900 cm"^ for NH3 and 
650 cm-^ for ND3 and an intensity maximum between z;' = 4 and 6. The 
frequency of the upper state vibration suggests strongly that it corresponds to the 
symmetrical bending vibration vg which is indeed one of the two vibrations (v^ and 
1/2) that can occur in long progressions in a molecule. The strong excitation of 
V 2 shows that a considerable change of the pyramidal angle (i.e., angle of the NH 
bond with the symmetry axis) occurs in these electronic transitions. It could be 
a decrease or an increase of this angle but actually, as we shall see, the angle 
increases so much that the molecule is planar in all known excited electronic states. 

Both for a non-planar and a planar upper state (point group Dg^) the 
selection rules apply since the lower state has symmetry. However, if inversion 
doubling is not negligible an important difference arises between a planar — non- 
planar and a non-planar — non-planar transition. This is because one of the 
inversion doublet components is symmetric, the other antisymmetric, with respect 
to a plane at right angles to the symmetry axis or, in other words, the effective 
point group of a non-planar molecule with non-zero inversion doubling is 
(since the potential field has this symmetry) and therefore the selection rules are 
those of only those transitions can occur for which the vibrational eigen- 
function has the same symmetry with respect to the plane perpendicular to the 
symmetry axis in the upper and lower state [cf. the -h and — signs in Fig. 67 and 
the selection rule (II, 30)]. As a consequence, as shown by Fig. 67a, in a non- 
planar— non-planar transition all bands of a progression are double while in a 
planar— non-planar transition (Fig. 67b) they are single but because of the inversion 
splitting in the lower state alternately shifted to longer and shorter wavelengths. 
Figure 67b is drawn under the assumption that the upper electronic state is Al 
and therefore the even vibrational levels of this state combine with the lower 
inversion components of the lower state, the odd with the upper components. 
The oppo site transitions would arise for an A i upper electronic state . Both A^—Ai 
and A'l — A I transitions are allowed when the symmetry changes from to Cs^,. 
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In NH3 no splitting is observed in any of the progressions originating from the 
lowest vibrational level of the ground state. Since in this state the inversion 
splitting is only 0.66 cm that is, is negligible if only the vibrational structure is 
considered, the absence of band splittings can be accounted for either by assuming 
that the inversion splitting in the excited state is also too small to be observed {i.e., 
the pyramidal angle is small and the barrier to inversion is high) or by assuming 


vibronic 

species 



( a ) ( b) 


Fig. 67. Energy level diagrams for (a) a non-planar — non- planar and (6) a planar 
— non-planar transition of a molecule. In the lower state {.4i) the inversion doubling 
increases rapidly with Vq ; in the excited state it is assumed to be small for all Vz in (a) while in 
(b), because of the planarity, no doubling arises. The correlation of the levels from the non- 
planar to the planar case is shown by the broken lines. 

that the molecule is planar in the excited state in which case according to Fig. 67b 
no sphttings are expected and the “staggering” in the progression would not be 
noticeable because of the smallness of the splitting in the lower state. However, 
the inversion splitting in the V 2 = 1 and 2 levels of the lower state is quite con- 
siderable (36 and 313 cm ~ ^ respectively), and therefore a doubling or a “staggering” 
is expected for the hot bands (see Fig. 67). In fact, a staggering of the right 
magnitude has been observed intheJ^—.^ system [Walsh and Warsop (1270)] 
proving the planar structure in the first excited state. To be sure, only a few hot 
bands are sufficiently free from overlapping to establish the staggering, but the 
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analysis of the rotational structure (see section 3) has confirmed the conclusion in 
a very definite and convincing way. 

In many other cases the study of the vibrational structure has led to definite 
conclusions about the symmetry of the molecule considered in its excited states 
(see Chap. V). The number of molecules which change their symmetry in some 
of their excited states is surprisingly large. 

In general the previous remarks about the intensity distribution (p. 151f) 
apply also to the cases in which the symmetry of the molecule differs in the upper 
and lower state of a transition. However, a peculiarity arises when the electronic 
transition would be forbidden if the symmetry did not change, but is allowed when 
the symmetry does change, a situation that occurs not infrequently. 

While strictly speaking in such a case the product resolution of R into 
Ite'e"^v'v" longer be applied, in a first approximation the effect of vibronic 

interaction can be taken into account by considering the dependence of the 
electronic transition moment Re'e" fli® nuclear coordinates. As an example 
Fig. 68 shows a cross section through the potential functions of the upper and lower 
states for a non-linear — linear transition. If the transition were allowed for the 
linear conformation the maximum of intensity would correspond to the “vertical” 



Fig. 68. Potential curves for the bending vibration in a non-linear — linear transi- 
tion. The broken vertical line corresponds to the maximum of the Franck-Condon region in 
a transition that is allowed in the linear conformation, the full oblique line corresponds to the 
intensity maximtim of a transition that is allowed only when the molecule is non-linear in one 
state. 



II, 2 VIBBATIONAL STRUCTURE OF ELECTRONIC TRANSITIONS 173 

transition indicated by the broken line, that is, one would expect transitions to 
levels in the neighborhood of the potential maximum of the upper state to be the 
strongest. But if the vertical transition is forbidden while the transition from 
minimum to minimum is allowed, one would expect an intensity maximum some- 
where between the 0 — 0 band and the bands corresponding to the potential maxi- 
mum because in the product ^ factor increases rapidly vith 

increasing op (the angle of bending) while the second factor decreases. 

The A — bands of HCN represent a striking example of such a situation. 
The excited state, in which the molecule is bent, according to Herzberg and Innes 
(527) is derived from a state of the linear conformation which cannot combine 
with the ^ 21 ground state. Since in the bent conformation the electronic transition 
is allowed, the intensity maximum in the v'^ progression occurs well below the 
potential maximum, at about = 7. As a consequence the band spacings in the 
progression are perfectly normal, decreasing very regularly with increasing V 2 
except at the shortward end where the \G curve flattens out in agreement with 
expectation (see p. 12 If). 

A very similar situation has been encountered in the first absorption system 
of CS 2 which also is non-linear in the excited state while it is linear in the ground 
state. Here the excited state is the Bg component of a state (see Chap. V, 
section Ic) which in the linear conformation goes over into '^A^. The latter cannot 
combine with the ground state (^2^ '*' ). Therefore again the vertical transition does 
not give the position of maximum intensity in the progressions; these progres- 
sions are quite regular since they do not reach the point of maximum potential 
energy corresponding to the linear conformation. 

If the electronic transition probability as a function of the bending angle (p 
varies as strongly as in the cases just described, it is clear that the intensities of the 
hot bands are no longer determined simply by the Boltzmann factors and the 
overlap integral but depend also on the value of corresponds to the 

particular vibrational transition. Indeed, often the first strong suggestion that 
an observed electronic transition may involve a change of molecular symmetry 
comes from anomalously high intensities of higher members of a sequence in some 
low-frequency bending vibration. 

(P) Forbidden electronic transitions 

If the occurrence of a forbidden electronic transition is determined solely by 
the electronic eigenfunctions, as it is for magnetic dipole and quadrupole transitions 
[section lb (a)] or inter combinations [section lb (j8)], the separation of the transition 
probability into one part, depending only on the electronic eigenfunctions 

and one part, R^'v-, depending only on the vibrational eigenfunctions remains 
possible as before. The vibrational part is exactly the same as for allowed 
electronic transitions and therefore the vibrational structure of these forbidden 
electronic transitions is also exactly the same. However, the situation is radically 
different for those forbidden electronic transitions that are made possible by 
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vibrational- electronic interactions [section lb (y)], and they are therefore the only 
ones which we need consider here separately. 


Selection rules. Forbidden electronic transitions are defined as those for 
which 

I^e'AQo) = I <l>T{q, Qo)dr, = 0 (II, 22) 

If this condition is not fulfilled for one component of the dipole moment Mg we 
have an allowed transition. The forbidden components of this allowed transition, 
that is, the components for which (II, 22) is fulfilled, can be treated in the same way 
as genuine forbidden transitions for which all three components of the matrix 
element vanish. In either case, as we have already seen in section lb(y), the 
general selection rule is that the vibronic wave functions must obey the inequality 

= J (II, 35) 

Thus we can immediately find which vibrational transitions in a forbidden electronic 
transition (or a forbidden component of an allowed electronic transition) may 
occur by ascertaining the vibronic species of the upper and lower state and 
establishing with the help of Table 9, in the same way as for electronic transitions, 
whether a dipole component exists which can make the integral in (II, 35) different 
from zero. If the lower state is totally symmetric, the transition is allowed when 
ijjgy has the same species as one of the components of the dipole moment M, just 
as for pure electronic transitions. 

It is important to note that as long as vibronic interaction of type (a) or (b) is 
negligible, the condition (II, 35) cannot be fulfilled for any vibrational transition 
of a (symmetry) forbidden electronic transition because then can be ex- 

pressed by (II, 11) and therefore, since for a forbidden transition by definition 
^e'e"{Qo) is zero, 

Re'v^e"v" = ^e'e"(Qo) J ^ (H, 36) 

for any and However, if vibronic interaction of type (a) is introduced, 
that is, the variation of and therefore of with Q [see eq. (II, 9)], we must 
go back to the expression (II, 8) for Re'v'e"v" which does in general not vanish for 
a forbidden transition because J does not vanish by symmetry for non- 

totally symmetric nuclear configurations even if i2e'e"(Qo) vanishes. If vibronic 
interaction of type (b) is introduced, the resolution (II, 4) can no longer be made 
and therefore even (II, 8) can no longer be applied; thus we must use the form 
(II, 35) for i't ^^ly or may not be zero depending on the symmetry 

of the vibronic functions. 

Nevertheless, as we have seen earlier, for a consideration of the symmetry 
properties of it is sufficient to use the resolution (11,4). For a forbidden 
transition (or a forbidden component of an allowed transition) it follows immedi- 
ately from (II, 22) that the integrand 

j/fg*Mgi/fg is Thon-totally symmetrical 


(II, 37) 
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(otherwise the integral would not necessarily be zero, the transition would be 
allowed). Therefore, in order to make 

J = I (II, 38) 

different from zero we conclude that 

must he non-totally symmetrical for the sayne symmetry 
operations for which (or one of its components) is 

non-totally symmetrical. (II, 39) 

In other words, those vibrational transitions can occur in a forbidden electronic 
transition (or a forbidden component of an allowed transition) for wdiich has 
the same symmetry as (or one of its components). This formulation of 

the general selection rule (II, 35) is sometimes more convenient than the direct use 
of (II, 35). 

It follows immediately from the rule (II, 39) by comparison with (II, 30), 
that in a forbidden electronic transition none of the vibrational transitions of an 
allowed electronic transition can occur; but by no means all vibrational transitions 
forbidden in an allowed electronic transition can occur in a forbidden electronic 
transition. Indeed according to (II, 35) all transitions for which for all three 
components of M 

is non-totally symmetric, are strictly forbidden for dipole radiation no matter how 
strong the interaction of vibration and electronic motion is. The only way in 
which they might occur as dipole radiation would be through interaction of rotation 
and vibronic motion, but this is quite rare (see p. 243). 

For forbidden components of allowed electronic transitions we may state the 
general selection rule in still another way: A vibrational transition for which is 

non-totally symmetric, and which is therefore forbidden by the vibrational selection 
rules for allowed electronic transitions, may yet occur weakly if there is a component 
of the dipole moment such that has the same symmetry as where 

of course is not the dipole component of the allowed transition. 

Forbidden transitions between non-degenerate electronic states. It 
follows immediately from the general selection rule that in aU forbidden electronic 
transitions made possible by vibronic interactions the 0—0 hand is absent, just as 
are aU the other vibrational transitions which would be allowed in an allowed 
electronic transition. According to the preceding considerations, the absence of 
the 0 — 0 band in symmetry-forbidden electronic transitions is rigorous for electric 
dipole radiation as long as rotational-electronic interaction is neglected (i.e., it is 
rigorous for zero rotation) 

The absence of the 0 — 0 band in symmetry -forbidden transitions may also be under- 
stood from the simple consideration that, when there is no vibration, vibronic interaction is 
ineffective in producing a forbidden electronic transition to appear. Zero -point vibrations, 
since the corresponding wave functions are totally symmetric, do not contribute to vibronic 
interaction. 
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If non-degenerate vibrations are excited, the symmetry selection rule (II, 39 ) 
leads immediately to the rule 

2^®:.= ± 1 . (11,40) 

where the summation is over all those vibrations that are antisymmetric with 
respect to any symmetry operation with respect to which is antisymmetric. 

The rule (II, 40) replaces the rule (II, 32) which holds for allowed electronic tran- 
sitions. If only a single antisymmetric vibration is affected in a forbidden 
electronic transition we have according to (II, 40) 

= ±1, ±3,-... 

But it is by no means necessary for each antisymmetric vibration to change its 
quantum number by an odd number, only the sum of the changes must be odd, 
that is, at least one of the antisymmetric vibrations must change by an odd number. 

As mentioned before, according to the Franck-Condon principle the intensity 
distribution in a progression of an antisymmetric vibration corresponds to that of 
a diatomic molecule for which the equilibrium position in the upper and lower 
electronic state is the same, that is, the intensity has its peak for the 0 — 0 band and 
falls off the more rapidly the closer cd' is to co". This is the reason that in allowed 
electronic transitions the totally symmetric vibrations predominate and anti- 
symmetric vibrations are rarely observed except in sequences; for the same reason 
in forbidden electronic transitions the vibrational transitions in whicli only one 
antisymmetric vibration has 

== ±1 

are in general the most prominent, and all others are quite weak. This holds 
both for forbidden electronic transitions and forbidden components of allowed 
transitions. 

As an example consider an electronic transition Ag — of a C'.„ molecule 
such as H 2 O or H 2 CO. As indicated in Table 9 this is a forbidden transition since 
there is no component of M for which is totally symmetric is 

antisymmetric with respect to both planes of symmetry, with respect to 

ay{xz) and ijs'/Myi/jl with respect to (jy(yz)]. But on account of vibronic inter- 
actions this transition may occur weakly if is antisymmetric with respect to 
both planes of symmetry (has species A^) or if it is antisymmetric with respect to 
ay{xz) (has species B 2 ) or if it is antisymmetric with respect to (Ty{yz) (has species 
B^). Therefore in general all non- totally symmetric vibrational levels of the 
upper state can combine with the totally symmetric vibrational levels of the 
lower state (and vice versa), that is, in this case all vibrational transitions which 
are forbidden in an allowed electronic transition can occur, but the three species 
of the product (A 2 , B 2 , B-^) occur with different orientations of the dipole 
moment M^, My). In a molecule like H 2 O only Ai and B 2 vibrational levels 
occur and therefore only one orientation of the dipole moment {M^) can occur in 
a forbidden A^ — Ai electronic transition. In a molecule like (planar) H 2 CO all 
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four t 3 ^es of vibrational levels occur and therefore all three orientations of the 
dipole moment My and M^) are possible in a forbidden transition. 

In Fig. 69 we present a schematic spectrum representing the vibrational 
structure of an ^ 2 "- transition of a C 2 V molecule. The vibrational transitions 
which would occur in a corresponding allowed electronic transition are indicated by 
dotted lines, assuming that only one totally symmetric vibration, v^, is strongly 
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Fig. 69. Schematic spectrum showing the vibrational structure of a forbidden 
electronic transition occurring on account of vibronic interaction. The full lines 
represent the vibronically allowed transitions. The broken lines represent the transitions that 
would occur if the electronic transition were allowed. 


excited. In such an allowed transition the first band at low temperature is the 
0 — 0 band (followed by the progression in v^). In contrast in the forbidden transi- 
tion the first band at low temperature is one in which an antisymmetric vibration, 
say V 3 , is excited and the progression in joins onto it (full lines in the schematic 
spectrum). The first hot bands other than those belonging to sequences are also 
showm. For an allow^ed transition it is the 0—1 band in the totally symmetric 
vibration, ; for a forbidden transition it can only be the 0 — 1 band in the same 
antisymmetric vibration, vg, that occurs in the main progression. The overall 
appearance of a forbidden band system is thus much like that of an allowed system 
except that it is built up on the 1 — 0 and 0 — 1 bands in the antisymmetric vibra- 
tion instead of the 0 — 0 band, gome authors who (contrary to the international 
nomenclature) call the 0 — 0 band the origin of the band system, refer to the 1—0 
and 0 — 1 bands as false origins (or vibronic origins). 

It is important to note that in contrast to the allowed electronic transition, 
for the forbidden transition the separation of the first hot band from the first main 
band does not correspond to a vibrational frequency of the ground state bxit to the 
sum of the frequencies of the antisymmetric vibration in the upper and lower state 
(j ^3 + Conversely the observation of a disagreement of the frequency differ- 
ence of first main band and first hot band with any of the fundamentals in the 
ground state gives a strong indication that +he transition under consideration is 
electronically forbidden. It may be mentioned that the dotted-line transitions 
in Fig. 69, while rigorously forbidden in an electric dipole transition, may 

occur (extremely weakly) for a magnetic dipole transition of this type {compare 
the case of H 2 CO discussed on p. 270). 

As a second example, consider a BQ^i—Ag transition of a Dzu molecule (e.g., 
ethylene or naphthalene). This transition is allowed with the dipole conaponent 
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My. The other two components and if.) can occur as forbidden component 
of the same electronic transition if has species and ^ 3 ^ respectively, 

and have these species. Thus, in addition to the'maiu 

bands corresponding to totally symmetric upper* vibrntional levels (assumi^ 
absorption from the lowest vibrational level of the ground state) a 6 ^ or 6 ^ 
vibration may be singly excited quite weakly with dipole components {M^, or 
different from that of the main transition (My). For najihthalene such a case has 
been observed [Craig, Hollas, Redies and Wait (253)] with In this molecule 
the allowed transition has a rather small intrinsic intensity so that here the for 
bidden vibrational transitions have an intensity comparable to (or even somewhat 
larger than) the main allowed bands. 

Finally, consider an electronic transition of tyjjc of a molecule of 

point group According to Table 9 such a transition is forbidden by the 

electronic selection rules. It may neverthele.ss be caused to ajipoar as a forbidden 
electronic transition by vibronic interactions when vibi'ations of type or are 
excited since and have species B,, and respectively. 

The well-known absorption bands of CgHe near 2 (> 0 (l A have boon shown to be 
due to such a electronic transition [see Sponer and 'roller (1156)]. In 

CgHe there are no vibrations (see Vol. II, p, 363) but there ai-e four vibrations. 
Any one of the latter if singly excited could cause the appearance of the forbidden 
transition. The spectrum, shown in Fig. 70a, comists of a ijrogression of main 
bands in the frequency 925 cm ' A This frequency in all probability corresponds to 
the totally symmetric breathing vibration of the excited state (which is 995.4 cm-' 
in the ground state). There is a faint band at the long wavelength side 
separated by 1130 cm'^ from the first main band. Its intensity increases witb 
temperature, it is a hot band, but no fundamental of frequency 1130 cin“^ is 
known. However, if the electronic transition is forbidden, then 1130 om'^ must 
be equal to the sum of the frequencies of an « 2 , vibration in the upper and the lower 
state m the same way as in Fig. 69 for an Ha -A, transition of a molecule. 
The lowest e^g vibration in the ground state is at 608.0 cm"'- which would 
make the corresponding frequency in the upper state 522.4 crn'i, a reasonable 
value. In other words, the two bands under discussion are assigned as the 0—1 
and 1—0 bands in vjg. Indeed in solid CgHe at low temperature, where the selec- 
tion rules are no longer as strict, the 0—0 band has been observed at a distance of 
622 cm ~ ^ from the first strong absorption band. 

As a further confirmation of this assignment one finds that in fluorescence the 
0—1 band in vu is the band of shortest wavelength. This would be expected, if. 


Fig. 70. Absorption spectrum of CeHs an 
CeDs m the region 2600-2300A. The main pr< 

gression (in v^) is marked by solid leading lines, th 
O-Fis hot band by a dotted leading line. Th 
position of the 0 — 0 band which does not occur i 
marked by a small arrow. Most (but not all) c 
the other bands are sequence bands joining ont 
each of the main bands. 
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as is usual, all molecules are brought by collisions into the lowest vibrational level 
of the excited electronic state before fluorescence emission. The other absorption 
and emission bands, accompanying the main bands, are readily understood as 
sequences in several of the other vibrations. In each case the vibration v^q is 
excited in the upper state by one quantum more or less than in the lower state. 
The isotope shifts observed when going from CgHg to CeDe (see Fig. 70b) confirm 
in a convincing way the interpretation of the spectrum [see Sponer (1147) and 
Sponer and Teller (1155)]. 

Forbidden transitions between electronic states at least one of which is 
degenerate. When one or both of the two combining electronic states are 
degenerate we must take account of the Renner-Teller or Jahn-Teller splittings 
that may be present. If the occurrence of the forbidden transition is made possible 
by a non-degenerate antisymmetric vibration the situation is entirely similar to 
that for non- degenerate electronic states as illustrated by Fig. 69. For example 
for a ^rig — transition of a symmetrical linear molecule an excitation of a 
vibration {vq in linear XY 2 ) can make the transition possible with dipole component 
M^^y. As before, every observable J_ band must have a vibration at least 
singly excited in either the upper or lower state. Similarly in an E” ~A[ transition 
(or F' — A 2 ) of a D^h molecule (e.g., planar XY3), only excitation of an a'^ vibration 
(v 2 of planar XY3) can make the transition possible with a '"perpendicular” dipole 
moment. In these two cases vibronic splittings will only arise in hot bands and 
they have to be treated in a way entirely similar to that previously given for 
allowed electronic transitions (see p. 158f). 

When, however, the forbidden transition is made possible by a degenerate 
vibration the situation is somewhat different because of the effect of Renner-Teller 
and Jahn-Teller splittings. According to the general selection rule only certain 
vibronic components of the degenerate electronic state can combine with the other 
electronic state (ground state). Figure 71 illustrates this for two examples; 
^Ilg — of a Dco/i molecule and E"~A{ of a molecule. In the first case 
w^hen a vibration (say vg) is singly excited in the Ilg electronic state three vibronic 
states arise of which only can combine with the lower state. When other 
totally symmetric vibrations are excited in addition it is always the component 
alone that can be reached from the lower state. The separation of the first strong 
band, the 1—0 band in the bending vibration, from the missing 0 — 0 band is no 
longer equal to the frequency of the bending vibration in the upper state but is 
higher or lower on account of the Renner-Teller splitting. 
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Fig. 71, Vibronic transitions in a forbidden electronic transition with degenerate 
upper state made possible by the interaction with a degenerate vibration (a) for a 
transition of a molecule; {b) for a transition of a molecule. 

Only the levels with v ~ 0 and 1 are shown. 

In a similar way in an E" — A[ transition of the first strong band is the 
transition to the A2 vibronic component of the state in which an e' vibration, say vg, 
is singly excited and its separation from the 0-0 band is different from 1/3(6') on 
account of the Jahn~Teller splitting. 

Alternatively the excitation of a degenerate vibration in the non-degenerate 
lower state may also lead to the appearance of the forbidden electronic transition 
(see Fig. 71 ) giving rise in absorption to a hot band which is displaced from the 
(missing) 0-0 band by the vibrational frequency of the degenerate vibration in 
the ground state. 

If for a Mlg transition of a symmetrical linear XYg molecule the Renner- 
Teller splitting in the state is large, transitions with = ± 3 , ± 5 , . . . which 
are very weak for small Renner-Teller splitting, will acquire appreciable intensity, 
that is, there will be progressions in addition to those whose first members are shown 
in Fig. 71 . But transitions with = 0, ± 2, + 4 remain absent since only for odd 
V2 are there vibronic states in a II^ electronic state (see Fig. 2 ). 

The situation is different for large Jahn-Teller splittings in an elec- 
tronic transition of a molecule. Here all levels with ^?3 0 of the E" state 

have an Al vibronic component and therefore transitions with == ± 2, + 3 , . . . 
will appear in addition to At^a = ± 1 . This is analogous to the behavior in an 
allowed transition (e.g., E'—A'i) where aU Avg values are possible for a large Jahn- 
Teller parameter D (see p. 165 f). 

A somewhat different example would be a A— S’** transition, of a Coot, molecule. 
If this forbidden, electronic transition occurs with a perpendicular dipole component 
{Msc,y) everything is as before, i.e., only transitions with Av 2 = ± Ij ±3,... occur 
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where V 2 is again the quantum number of a bending vibration. As before transitions 
with Lv 2 = ± 1 will be by far the most prominent except when Eenner-Teller inter- 
action is large. However, if the transition occurs with a parallel dipole component 
(Ms, LK = 0) only AV 2 = ± 2, ± 4, ... is possible since only then can the K values be 
the same in the upper and lower state (see Fig. 2). Thus the first strong band has 
V 2 = 2, that is, it is separated by 2 i 02 from the 0 — 0 band which is strictly forbidden. 
Hot bands can occur even with Av 2 = e.g., the 1 — 1 band of type II — n which 

would be near the forbidden 0 — 0 band. The first fluorescence band from the lowest 
vibrational level of the upper state (vibronic species A) would be the 0 — 2 band of 
type A — A which would lie iongward of the 0 — 0 band by 2oj2. However, it must be 
realized that a A— S transition with a dipole component can occur only if the A 
state is perturbed by a S state (or the S state by a A state) and such a perturbation is 
bound to be weak since a A and a S state differ by more than the species of a single 
normal vibration (see pp. 66f and 140). Indeed no example has yet been found. 

(c) Isotope effects 

Just as for diatomic molecules, a study of isotope shifts in electronic spectra of 
polyatomic molecules may be of help in ascertaining which molecule (or radical) is 
responsible for a given spectrum and it may also aid in the vibrational assignments 
in the spectrum. In addition, just as in infrared spectra of polyatomic molecules 
the vibrational frequencies of isotopic molecules in ground and excited states are 
needed if a complete set of force constants in either of these states is to be obtained. 
Finally, sometimes even when the rotational structure is not resolved conclusions 
about the geometrical structure of the molecule can be derived from vibrational 
isotope shifts. 

General formulae. In general, the potential functions of two isotopic 
molecules in a given electronic state are very nearly identical. Exceptions to this 
rule are expected only if the electronic state is very close to another electronic 
state. In all but these exceptional cases the origin of a band system is therefore 
the same for the two isotopic molecules. Thus, we have, when the formula for 
the bands of the “normal” molecule is 

y = Ve + y + i) + 2 2 + i) — 

i i > i (II, 41) 

— 2 “ 2 2 + 2 ) - j 

i i k>i 

for those of the isotopic molecule 

v = v, + y cor« + i) + 2 2 + i) + • ■ ■ 

i i <t>£ (n,.42) 

- 2 + i) - 2 2 + i) - ■ ■ ■ . 

i i k>i 

Here while is the same for the bands of the two systems, the isotopic a>f and zg 
differ from cji and 0:^^ but are determined by the same potential function. 

Unfortunately, for polyatomic molecules it is not possible to give explicit 
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formulae for the wf and x'^^, as it is for diatomic molecules, except when only one 
normal vibration of a given species exists. If this is the case, as for example for 
each of the vibrations of linear symmetric XYg molecules, we have 

(II, 43) 

where p is a factor depending only on the masses of the nuclei and the geometry of 
the molecule. If there are several vibrations coi, 0)3, . . . , co/ of a given species then 
according to the Teller-Redlich product rule (Vol. II, p. 231) it is only for the 
product of the vibrational frequencies that such a simple relation exists, viz. 

ct)*a>2 • • • 0)f = pcoia)2 • • • (11^ 44) 

The general formula for p has been given in Volume II (p. 232) where also several 
examples have been discussed. Additional relations between the freciuencies of 
isotopic molecules in a given electronic state have been discussed by Decius and 
Wilson (270), Sverdlov (1181), Brodersen and Langseth (155) and Heicklcn (487). 
Similar relations between the of isotopic molecules have been discussed by 
Dennison (272a) and Sverdlov (1182), but all of them arc based on conjecture 
rather than rigorous derivation. In general, the of a heavier isotopic molecule 
are smaller than those of the lighter species. 


Examples. A good example of isotope shifts in linear symmetric XYg 
molecules is provided by the spectrum of BO2 of which a small section is reproduced 
in Big. 78, p. 192. All the main bands due to B^^Os are accompanied by weaker 
bands of B^°02. In the harmonic approximation the symmetric vibration vi 
should not show any shift while both ^2 and should bo modified by the factor 


/ (m^f* + 2my)mx 
V [mx + 2my)^%* 


1.0363. 


This is indeed found to be the case to a good approximation [Johns (630)]. The 
isotope shift of the 000 — 000 band shown in Fig. 78 is particularly important since 
it confirms unambiguously the conclusion from the assignments of some of the 
weaker bands, that the antisymmetric stretching vibration in the lower state 
is unusually low (1322 cm"^) while in the excited state it has the '^normal” value 
vq = 2357 cm“^. The calculated shift is 4-19.5 cm”^ while 421.5 cm"^ is 
observed. Considering that anharmonic terms have been disregarded, this agree- 
ment must be considered as very satisfactory. 

An example of the use of the isotope effect for establishing the vibrational 
numbering is provided by the spectrum of HCO. Here a long progression of bands 
in vq is observed, but its numbering is not obvious. The corresponding progression 
in DCO has, of course, a smaller spacing corresponding to the reduced value of v' 2 . 
The 000—000 bands of the two band systems must be close to each other since the 
isotope shift for this band is expected to be small. However, one finds two pairs 
of (extrapolated) bands, which could be considered as 000-000 bands, one at 
8489 and 8523 cm~^ for HCO and DCO respectively and the other at 9294 and 



II, 3 ROTATIONAL STRUCTURE OF ELECTRONIC TRANSITIONS 183 

9161 cm"^. K decision between these tw^o alternatives would be easy if all 
vibrational frequencies in the upper and lower state were known for both isotopes. 
This is not the case: only 1/2, 4 , vj. ^3 are known for HCO and only , 4, ^2* for 
DCO [Johns, Priddle and Kamsay (638)]. But by the use of the product rule in 
the upper and lower state and the assumption that the CO vibration in BCO is 
nearly the same as in HCO it is possible from the observed shifts of the supposed 
000-000 band to get an approximate value for the CH stretching vibration vC 
J ohns, Priddle and Ramsay (638) found 4000 and 2700 cm " ^ for the t'wo alternative 
sets of 000-000 bands. Since a value of 4000 cm~^ seems impossibly high, the 
first alternative is eliminated. This elimination is important because it establishes 
the nature of the upper electronic state: with the new* numbering, even K values in 
the upper state (in which the molecule is linear) go wnth odd I'a- This result implies 
that K differs from I by an odd number, that is, in all probability A" — Z = 1. 
Thus the excited electronic state must be a n state [see Chap. I, section 2(b)]. 

There are many cases of free radical spectra for which only by the study of 
the isotope shifts a definite assignment to a specific radical has been possible. 
For example, in this way, it was shown that the molecule responsible for the so- 
called 4050 A group (first observed in comets) cannot contain hydrogen since no 
shifts occurred by substitution of deuterium in the discharge producing the 
spectrum [Monfils and Rosen (874)]. The observation by Douglas (292) of six 
heads instead of one wdien a mixture of and was used established that tiiree 
C atoms are present in the molecule responsible and indeed the fine structure of the 
bands show's that no other atoms are present, i.e. that the moleeule responsible is 
the free C3 radical. 

In a similar way the spectrum of CH3 w'as definitely identified by the observa- 
tion of four isotopic bands in a 50:50 mixture of hydrogen and deuterium and of 
an isotope shift with [Herzberg (521)]. The identification of the spectra of 
CH2, NH2, HNCN and others was based on similar isotopic studies. 

3. Rotational Structure of Electronic Transitions 

Each of the bands produced by the vibrational transitions discussed in section 
2 has a fine structure w'hich is due to the various possible rotational transitions, just 
as for diatomic molecules. Frequently this fine structure is not resolved, either 
because it is so narrow that a resolution with the available means is not possible or 
because the line width is greatly increased on account of predissociation. Both 
reasons apply more frequently for electronic spectra of polyatomic molecules than 
for those of diatomic molecules since the moments of inertia are often larger and 
since the possibilities of predissociation are greater (see Chap. IV). Even if there 
is no predissociation, for heavy molecules the line ^vidth due to Doppler motion 
may be larger than the spacing of individual rotational lines and in that case, of 
course, a resolution is impossible. 

The rotational fine structures of the bands in electronic transitions of poly- 
atomic molecules are in general, particularly for non-hnear molecules, much more 
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complicated than those of diatomic molecules; moreover, often the electronic bands 
of a polyatomic molecule are more complicated than the infrared bands of the 
same molecule, since in the latter the rotational constants differ very little in upper 
and lower state while in the former, large differences may arise. Because of all 
these difficulties until recently the rotational fine structures of only comparatively 
few electronic transitions of polyatomic molecules have been completely resolved 
and analyzed, but rapid progress in this field has been made in the last few years. 

There is one advantage in the study of electronic spectra compared to that of 
infrared and Raman spectra: In the latter frequently some features are obscured by 
the close superposition of hot bands usually corresponding to the thermal population 
of low-frequency bending vibrations. Just these vibrations often undergo large 
changes in frequency on electronic excitation, and therefore the hot bands of electronic 
transitions are more widely separated from the main bands so that both the main and 
the hot bands can be studied more easily and information can be gathered even about 
the ground state which is sometimes difficult to obtain from infrared spectra. 


(a) Linear Molecules 

In this section we shall consider the band structures for those molecules which 
have a linear equilibrium conformation in at least one of the two combining states. 

(a) Linear --linear transitions 

Singlet bands. The simplest case is that in which the molecule is linear in 
both upper and lower state and in which both states are singlet states. In such 
cases the band structure is entirely similar to that for diatomic molecules. This 
similarity exists between the vibronic symmetry of the polyatomic molecule and 
the corresponding electronic synnmetry of a diatomic molecule : a 11 — S vibronic 
band has the same structure as a 11 — S electronic band of a diatomic molecule. 

As always for dipole radiation the selection rule for the quantum number J 
of the total angular momentum is 

AJ = 0, ± 1 ( J = 0 w / = 0) (II, 45) 

and for the symmetry properties 4- , — , a, we have 

_l_ ^ ^ — .^44 — ^ 46) 

5 5, a a, 5 -H-)- a. (II, 47) 

For a proof of these rules see Volume II, p. 414. The rule (II, 45) leads to the 
three branches P, Q and R in the rotational structure of a band. There are three 
types of singlet bands: those without a Q branch, — bands; those with only 
a weak Q branch, ^11 — ^A — ^A, . . . bands and those with a strong Q branch, 
— — . . . bands. These three types correspond to LK = 0 

with ir = 0, = 0 with jfiT 0, and AiT = + 1 respectively where K is the 

quantum number of the angular momentum about the internuclear axis (see p. 
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25), that is, the sum of the electronic and vibrational angular momentum 
{K^\A± l\). 

In allowed electronic transitions only states of the same vibrational species 
combine, that is, I is the same in the upper and lower state, and therefore the band 
type depends only on the electronic species, that is, on AA( = AA") as for diatomic 
molecules. If A A = +1 all allotved bands of a band system have strong Q 
branches, while if A A = 0 all allowed bands have either no Q branch (if K = 0) or 
a very weak one (if A ^ 0). In a E — E electronic transition, for example, in 
absorption from the vibrationless ground state only totally sjnnmetrie upper 
vibrational levels with I — 0 (species E) are reached and therefore all the “cold” 
absorption bands will be of type E ~ E, i.e. wiU have no Q branch. If in the lower 
state a bending vibration is singly excited, Jhat is if U — 1, then also in the upper 
state a bending vibration must be excited with V — I, the resulting band is still a 
II band but has a weak Q branch. But in no case can an allowed vibrational band 
in this S — E electronic transition have a strong Q branch. Similar considerations 
apply to a n — S electronic transition in which ail allowed vibrational bands have 
strong Q branches. 

However, when a suitable third electronic state perturbs one of the two states 
under consideration, /orbtdden components of the allo-wed electronic transition may 
occur, wliich for a E — E electronic transition would have perpendicular structure 
(i.e., have a strong Q branch) or for a fl — E electronic transition have parallel 
structure (i.e., have no or only a weak Q branch). 

The formulae for the wave numbers of the lines in the branches are of course 
exactly the same here as for electronic bands of diatomic or infrared bands of 
polyatomic molecules. One has for the P and R branches a single formula 

^P,R = *^0 + (Ay + Bl)m + (Ay Ay — Z)y -f 

- 2(A; -4- Dl)m^ - (A; - Dl)nP ^ ^ 

where m = —J for the P branch and m = J + I for the R branch; vq is the 
band origin. For the Q branch one finds 

vq = Vo + (a; - b:)J(j + 1) ~ (a; - ddjhj a if. (U, m 

Here, since D B, the cubic and quartic terms can often be neglected for small J. 
Band head formation and the shading of bands are determined in the same w’ay 
as for diatomic molecules. For molecules an intensity alternation arises (or 
alternate lines are missing) just as for infrared spectra. For further details see 
Volume II, p. 382. 

As has been discussed in Chapter I, section 3a, whenever K is different from 
zero a A’-type doubling arises. In II — S bands this A-type doubling leads to a 
combination defect between the P and R branches on the one hand and the Q 
branch on the other in exactly the same way as A-type doubling in diatomic 
molecular spectra or 2-type doubling in inffared spectra of polyatomic molecules 
(see Fig. 119 of Vol. I and the accompanying discussion). As a consequence the 
Ay and Ay values in (II, 48) and in (II, 49) are not exactly the same. For ^ II — ^11 
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and bands the Z-type doubling causes an actual doubling of all the lines. 

The magnitude of the doubling (or the combination defect for H — S transitions) 
is larger than in corresponding diatomic cases whenever there is a contribution of 
the vibrational angular momentum to K (see Chap. I, p. 72). 

The technique of analyzing the bands of linear molecules is in most respects 
similar to that of diatomic molecules described in Volume I, Chapters IV and V. 

Thus far only two examples of singlet linear— linear transitions have been 
fully analyzed: the 4050 A group of the Cg molecule [Gausset, Herzberg, Lagerqvist 
and Rosen (411)] and the 1240 A system of C 2 H 2 [Herzberg (524)], both of which 
are ^H — electronic transitions. Figure 72 shows a spectrogram of the 0-0 
band of Cg. The three branches P, Q, R are clearly visible. Alternate lines are 
missing as can be concluded from the fact that the P branch is apparently not a 
continuation of the R branch. A combination defect exists between P, R and Q 
branches indicating a moderate A-type doubling in the 11 state {q = 0.0004 cm"^). 
Examples of ^A — vibronic transitions have also been found in this system of C3. 
They show the predicted doubling in all three branches. This doubling is here 
entirely due to ?-type doubling in the lower state; it is unusually large because the 
bending frequency in the lower state is extremely low (63 cm " ^). Very few of the 
singlet electronic transitions of other well-known linear molecules like CO 2 , CS 2 , 
HCN, are linear— linear transitions and those that are have not yet been studied 
with sufficient resolution. 

Doublet bands. As for diatomic molecules the band structure of doublet 
transitions depends on the coupling case (Hund’s case a, b, c) to which the electronic 
states belong. However, when a bending vibration is excited, additional com- 
plications arise on account of vibronic interactions which cannot occur in diatomic 
molecules. 

If the doublet splitting is small in both electronic states, that is, if both belong 
to Hund’s case (b), the band structure is of course entirely similar to that of a 
corresponding singlet transition except for a small doubling of all branches which 
increases with N, the quantum number of total angular momentum apart from spin. 
This applies always to ^2 — electronic transitions and would also hold for 
^H — ^n, ^A — ^A vibronic transitions belonging to — electronic transitions 
since for them Renner-Teller splittings do not arise and the doublet splittings of 

^A vibronic states of ^2 electronic states are necessarily small. 

For ^11-^2 or ^2-^11 electronic transitions, Renner-Teller splittings do 
arise leading to several sub-bands when I ^ Q in the 11 state; but if the ^11 state 

Fig. 72 . Spectrogram of the 0-0 band of the 4050 A group of the C3 molecule 
after Gausset, Herzberg, Lagerqvist and Rosen (411). The lines of the three branches jP, 
Q and R are marked. 
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belongs to ease (b) each of these sub-bands has a normal singiet-tv'pe structure. 
If the state belongs to Hand’s case (a) the band structure is different: the 0—0 
band has now 12 branches, six each for the ^Hi and ^Ilj components just as for the 
corresponding bands of diatomic molecules (see VoL I, p. 258f). Eight of these 
branches very nearly coincide in pairs, if as usual the splitting of the “E state is 
small, and therefore we have the characteristic eight -branch structure with four 
characteristic heads illustrated in Figs. 23 and 124c of Volume I by the well-known 
red CN bands (see also Fig. 74 below). The analysis of such bands proceeds in 
entirely the same way as for diatomic molecules and need not be discussed here. 
However by no means all the bands of a ^11 — or — ^11 electronic transition 
of a linear polyatomic molecule have this structure, since the vibronic species may 
differ from the electronic species. 

For example the 1-1 band of the bending vibration consists of three sub- 
bands (see Fig. 59b): a -m, a 2 v-_ 2 n ^ 2^-2^ vibronic band for a 

electronic transition (and similarly ^0 — ^E"^,-!!— ^E~, and ^11 — for a 
^E-^n electronic transition). In the ^E-^ -^fl and ~ 2 p[ vibronic sub-bands 
the lower vibronic (^0) state, since it belongs to the ^E electronic state, i.e. has no 
electronic angular momentum (A = 0), also belongs to case (b). while the ^E"^ and 
^S“ states, since they belong to a case (a) “FI electronic state, have a large p-type 
doubling, that is, are between case (a) and (c) (see Chap. I, section 3(a)). This gives 
rise to a band structure not normally encountered in diatomic molecules, consisting 
of six branches (two P, two Q, two R) similar to a “0(1}) -“E band (see Fig. 124b 
of Vol. I) but with rapidly increasing splitting. Figure 73 gives as an example a 
Fortrat diagram of such a band of NCO for which however upper and lower states 
are reversed: the electronic transition is ^E"^— ^0. The “A — ^0 (or “O-^A) 
vibronic sub-band of the same vibrational (1 — 1) transition has the normal structure 
of a ^A(a) — ^ri(b) [or ^n(b)-^A(a)] band since the ^A state has the same splitting 
as the electronic state. 

For the 2 — 2 band of a bending vibration in a ^n(a) — ^E electronic transition 
we have five vibronic sub-bands, one ^0 — ^A, two ^0 — ^A and two ^11 — ^E bands 
(see Fig. 59b). The only “normal” band of this group is ^O-^A since the 
vibronic state has the same spin splitting as the electronic state (see Fig. 8) 
and the state has a very small spin splitting since it belongs to the ^E electronic 
state. The four other sub-bands are somewhat anomalous since the splittings of 
the two vibronic states are not simply like those of two independent ^11 electronic 

states. As we have seen in Chapter I, section 3(a), the two vibronic states are 
interacting strongly with each other and therefore they can only formally be 
separated into two states. If the Renner-TeUer splitting is large we have in effect 
two fairly widely separated ^11 -^A bands and two fairly widely separated -^E 
bands with different effective B' values, one higher and the other lower than that 
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Pig. 73. Fortrat diagram of the 010 — 010 ^n — vibronic band in the 2S-.2n 
electronic transition of NCO at 4348 A. The circles represent the measured band lines, the 
curves are calculated. The gaps in the measurements are due to blending. 


of the state. In the two states the spin splitting is quite different from that 
of the state and has opposite direction. While the type of band structure is 
similar to the corresponding diatomic one (^ll^ — ^A and ^11^ — ^A) and can be 
analyzed by the use of effective B values, for precise B determinations, particularly 
when spin-orbit and Renner-Teller interactions are of comparable magnitudes, 
it is necessary to analyze the two bands together since only the average of the four 
levels of a given J (disregarding A^-type doubling) will follow a simple formula. 

As an example of a — ^n(a) electronic transition in Fig. 74 the fine structure 
of the O — O band of NCO at 4400 A is shown as observed by Dixon (281). All 
eight branches are clearly visible. In Fig. 75 under smaller magnification the 
010 — 010 bands accompanying the 0 — 0 band of NCO are shown. All three sub- 
bands, + , ^n-2E- are visible although the last one only as a 

fragment. The ^11 — ^A sub-band has much the same appearance as the 0-0 band 
while the ^IT — sub-band has an entirely different appearance, showing only 
one strong Q head and two P heads. The doubling of the P heads is due to the 
large p-type splitting of the vibronic state as is shown in more detail in the 
Fortrat diagram Fig. 73. 2 — 2 bands in the bending vibration have not been 

observed. For NCO in addition to other allowed vibrational bands a number of 
forbidden vibrational transitions with AN = 0 corresponding to a forbidden 
component (M^) of the dipole moment have been observed. a 


Fig. 74. Spectrogram of the 0 — 0 band of the 
2S-2n(a) system of NCO at 4400 A after Dixon 
(281). The eight main branches are marked. Four 
of these form heads. The head at 4375.0 A does not 
belong to the 0 — 0 band (see Fig. 75). 
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Fig. 75. Spectrogram of the 010-010 bands of the 211 (a) system of NGO near 
4400 A after Dixon (281). The species symbols at the top are vibronic species. Compare 
the energy level diagram Fig. 59 showing how the three component bands originate. The two 
strong unmarked heads at the right belong to the 0 — (.) band (see Fig. 74). 

Other examples of — ^n(a) electronic bands have been found in the spectra 
of BO 2 [Johns (630)], CO 2 [Bueso-Sanllehi (160)], N 20 '^ [Callomon (173), Caiiomon 
and Creutzberg (174)], N 3 [Douglas and Jones (297)] and € 82 ^ [Callomon (172)]. 
No examples of ^fl — electronic bands are known. 

electronic bands of linear molecules again are entirely similar to those 
of diatomic molecules if no bending vibrations are excited. If both states 
belong to case (b) even the vibronic bands corresponding to excitation of the 
bending vibrations have the same structure as corresponding electronic bands of 
diatomic molecules except of course that for each vibrational transition, on account 
of the Renner-Teller splittings several sub -bands appear instead of one. If however 
both the spin splitting and Renner-Teller splitting are appreciable in at least one 
of the two states, somewhat different band structures appear for the vibronic 
bands. We shall consider only the case in \yhich for both states both inter- 
actions are appreciable, i.e. a ^n(a) — ^n(a) transition with a non-zero value of e 
in both states. The 0—0 band in such a transition is normal, that is, has two 
sub-bands ^IIi — ^11^ and ^rif — ^III, each with a strong P and R branch and a 
weak Q branch; each of the branches is double if A-doubling is resolved. Because 
of the weakness of the Q branches only two heads (rather than four, as for ^21—^11 
transitions) are prominent. 

In a 1 — 1 vibrational transition of the bending vibration as shovra by Fig. 60 
'(p. 160), we have five sub-bands: ^A — ^A, 2 ^+— + , 2 Y; + _ 2 y;- 

4403.6 A 


IO '/2 20‘/2 50 ‘/2 40V2 30'/2 




Fig. 76. Energy level diagram for a 22 (-)_ 22 (+) sub-band of a 1 - 1 transition in the 
bending vibration of a ^n-^n electronic transition of a linear molecule. 


22 " - 22 ;+ Of these five sub-bands only ^A — has a normal structure [except 
that in the Hill-VanVleck formula F(F ~ 4) is replaced by 7(rA -- 4A)A; see 
p. 81]. The and vibronic sub-bands are similar to ordinary 

bands of diatomic molecules but the doublet splitting is very much larger 
and for low N the satellite branches and (see Fig. 117 of Vol. I) become 
noticeable. On account of the large doublet splitting two heads (rather than one 
for ordinary bands) appear. 

As we have seen in Chapter I, section 3(a)5 the + or — character of is no 

longer well defined when the spin splitting is appreciable: then tends to 

case (c), that is, is better described by or simply I-. This is the reason that 
or transitions become possible; in case (c) they would be 

(or simply J — |) transitions. 

Figure 76 shows an energy level diagram for a sub-band. The 
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transitions permitted by the selection rules (II, 45) and (II, 46) are indicated. 
It is seen that four branches arise, two Q- form branches, one and one 0- form 
branch. In Fig. 77 the Fortrat diagram of a — vibronic band of BOg 
is compared with that of a band belonging to the same 1 — 1 transition. 

In a 2 — 2 transition of a bending vibration in a ^11 — ^11 electronic transition, 
again five vibronic sub-bands can appear: one _ 2(|) and four ^0 — ^11 (see Fig. 60). 




Fig. 77. Fortrat diagrams of (a) the ^2“ — band and (6) the ^2" band at 

5404 and 5429 A of the 1 — 1 transition in the A^II — .^^11 system of BO 2 after the data 
of Johns (630). 

Of these the first is normal, while the other four are affected by the mutual inter- 
action between each pair of ^11 states: the effective B values of the two members 
of each pair of ^11 states are different (see eq. I, 100) and other minor deviations 
from the normal formulae for the rotational levels occur (see Hougen (568)). 
Similar differences occur for the two ^H — ^II vibronic sub-bands of a 2 — 0 
transition in the bending vibration. 

An example of a electronic transition is provided by the green bands 

of BO 2 which have been analyzed in detail by Johns (630). Several but not all of 
the sub-bands of the 1 — 1 transition have been found including a ^E “ — band. 
Figure 78 shows sections of a spectrogram of the 0 — 0 band and some of the hot 
bands. Both the bands of B^^02 and B^^Og are visible. Since alternate rotational 
levels are missing in BO 2 , the A doubling leads to a “staggering” (instead of an 
actual doubling) in the branches of the 0—0 band, while in the — ^E^ hot 
band alternate lines are missing, so that it has a much more open structure than 
the 0 — 0 band. Other examples of ^11 — ^11 bands are the near ultraviolet CO 2 
bands analyzed by Mrozowski (882) (883) before the development of the more 
recent theory, the near ultraviolet bands of NCO [Dixon (282)] and Schuler’s T 
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Fig. 78. Spectrogram of the 0-0 and 1-1 bands of the transition of BOg 

after Johns (630). The heads of B^®02 bands are marked at the top, those of (which 

are the stronger ones) at the bottom. 


spectrum, extending from 5000 A to 5900 A which Callomon (171) showed to be 
due to ionized diacetylene, C 4 H 2 '‘'. 


Triplet bands. The rotational structure of — 

bands is in most respects analogous to those of the corresponding doublet 
bands. — electronic transitions have in general small triplet splittings just 
as corresponding bands of diatomic molecules and again this applies to all vibronic 
transitions (^0 — — . . .) belonging to — electronic transitions. 

Renner-Teller splittings do not arise. An example of a transition is 

the 1415 A band of CH 2 whose triplet structure has, however, not been resolved 
[Herzberg (621)]. 

In ^n(b)~^Il electronic transitions the band structure is similar to that of 
transitions except that aU lines are triple. In '^n(a) — electronic tran- 
sitions the 0—0 band has the same structure as a ®n(a) — band of a diatomic 
molecule: there are 27 branches, nine for each of the components ^112 — ^2, 

^IIq ~ The 1 — 1 band in the bending vibration would consist of three vibronic 
sub-bands ®A-®n, and ^2"*— ®n. Irrespective of the strength of 

vibronic interaction the ^A— sub-band has a normal structure with a triplet 
splitting in the ®A upper vibronic level equal to the spin splitting of the electronic 
state while the ^11 lower vibronic level has only a small spin splitting since it 
belongs to a ^2 electronic state. Because of the assumed large spin-orbit coupling 
in the ’^11 state each of the two ^2 vibronic levels is split into two components *^21 
and ®2o (see p. 37) and as a result the two vibronic sub-bands ®2^— and 
®2 ~ — ®n each are split into two components with different origins. Both vibronic 
sub-bands would have 27 branches of which 9 would form the ®2o — component. 
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On the basis of the energy formulae of Hougen (569) it would be easy to derive 
formulae for all these branches. 

The only example of a ^n(a)— transition thus far studied in detail is a 
band system of the NON radical near 3290 A [Herzberg and Travis (543)]. Most 
of the predicted branches in the 0 — 0 band have been identified and tiie splitting 
of the vibronic sub-bands of the 010 — 010 vibrational transitions has been 

observed. 

Intercombinations. Triplet — singlet electronic transitions of linear poly- 
atomic molecules are also closely related to corresponding diatomic transitions. 
For — transitions we expect, when no bending vibrations are excited, bands 
with four branches (see Vol. I, p. 275). Such a band structure has recently been 
observed by Callomon and Davey (175) in the longest wavelength absorption 
system of C 2 N 2 near 3000 A. No hot bands corresponding to excitation of the 
bending vibration have yet been resolved but their structure could easily be 
predicted. 

For ^n(a) — ^E transitions five branches would be expected, two for '^Ilo — ^E 
and three for '^lli — ^E. Hot bands in the bending vibrations would be similar to 
those of ^0— ^E transitions except that sev^eral branches would be missing, e.g., 
in the — vibronic sub-band the component ^Aa — ^11 would be absent or weak. 
No examples of such transitions have as yet been identified. 

(p) Bent — linear and linear ^ bent transitions 

For a number of molecules that are linear in their ground states, excited states 
have been found in which they are bent (i.e. have a bent equilibrium conformation), 
and conversely for some molecules which are bent in the ground state excited 
states exist in -which they are linear. 

Main bands of bent —linear transitions. If the molecule is non-linear in 
an excited state it is of course an asymmetric top in this state and we shall have to 
consider the transitions between these asymmetric top levels and the rotational 
levels of a linear molecule. We discuss first the case in which in the excited state 
the molecule, virile strictly speaking an asymmetric top, is close to a prolate 
symmetric top and where therefore the quantum number K of the angular 
momentum about the figure axis is well defined. The rotational energr- levels can 
then be expressed by the symmetric-top -like expression (1, 146). In the lower 
state only the electronic and vibrational angular momenta contribute to K, that is, 
K" = \r' ± A" I and if in the ground state A = 0 we have K" = V'. 

The selection rules for the rotational transitions, as long as the upper state is 
close to a symmetric top, are the symmetric top selection rules (see Vol. II, p. 414) 

AZ = K' - Z" = 0 for (1| band) (II, 50) 

and 

AK = K' - K" = ±1 for My (A band) (II, 51) 

combined with the usual selection rule for J. 
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Let us consider first, on the basis of these selection rules, the case of cold 
absorption illustrated at the left in the energy level diagram Fig. 79. In this 
case, for a electronic ground state we have K" = r' = 0 and therefore in the 
upper state we can reach only levels with iT = 0 when the electronic transition 
moment is in the direction of the figure axis (broken vertical lines in Fig. 79), or 
only levels with K ~ I when the electronic transition moment is perpendicular to 
the figure axis (full vertical lines), or both i? = 0 and K = 1 when the transition 
moment has both parallel and perpendicular components. Thus we expect to 
find a S — S type band structure with a single P and R branch, or a H — S type 
band structure with P, Q and R branches, or a superposition of the two, separated 
by the interval between the K = 0 and K = I levels in the excited state [i.e. by 
+ C')1 

Except in the last case, the structure of the absorption bands of a linear 
molecule which is nondinear in the excited state is therefore very similar to the 
structure of the absorption bands when both states are linear. This is particularly 
so since the dependence of the rotational levels on J is of exactly the same form for 
a nearly symmetric top as for a linear molecule. Also, for a symmetric linear 
molecule the intensity alternation in a bent —linear transition is exactly the same 
as for a linear — linear transition. 

However, there are certain slight but definite differences between linear - 
linear and bent — linear bands which at least in favorable cases make it possible to 
distinguish between them unambiguously. According to eqs. (I, 146) to (I, 152) 
the quartic term in J^(/ + 1)^, apart from the normal centrifugal stretching 
contribution, contains an asymmetry contribution which is largest for 

K ~ 0 and increases with the square of the asymmetry parameter b. Thus the 
21 — S type bands of a bent — linear transition upon analysis carried out in the usual 
way will show an anomalously large effective D' value and the same applies, to a 
less degree, to the 11 — 2 type bands (APJff, ^ JAP°ff.). Moreover the magnitude 
of this effect depends in a different way on isotope substitution than does the 
centrifugal stretching effect. 

In n — 2 type bands of a bent — linear transition there is in addition to the 
AD effect a iL-t3pe doubling caused by the fact that the molecule is an asymmetric 
top in the bent conformation. This K-type doubling is much larger than the 
normal A^-type doubling in a linear molecule where it can only be caused by ^type 
or A-type doubfing. The magnitude of the asymmetry doubling for Z = 1, 
according to eq. (I, 156), neglecting terms of higher powers, is 

Av = 4(P-0)J(/+ 1), (11,52) 

that is, it is larger the more the molecule deviates from a symmetric top in the 
excited state. For 11 — 2 type bands this doubling does not lead to a line doubling 
but only to a combination defect between Q branch on the one hand and P and B 
branches on the other, just as does ^type and A-type doubling, that is, we have 

[R{J) - Q{J)] - [Q{J + 1) - P(J + 1 )] = Av,^i 4- Av, 

= (P - C)iJ + 1)2. (II, 53) 
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Fig. 79. Energy level diagram showing origin of sub-bands in a bent— linear 
transition. Only the vibrational levels of the bending vibration 1/3 are shown. The full-line 
transitions correspond to a transition moment perpendicular to the plane of the molecule in 
the excited state {K' — 1" = + 1 ) ; the broken-line transitions correspond to the case when the 
transition moment is parallel to the a axis in the excited state {K' — — 0). Both full- and 

broken-line transitions occur when the transition moment is at a non-zero angle to the a-axis 
in the plane of the molecule. 
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This combination defect is usually large enough to be easily detectable whenever 
the band structure is resolved and its observation represents fairly strong proof of 
non-linearity in the excited state unless it can be shown that there are other 
reasons for an anomalously large A-doubling in the linear conformation. Figure 80 



Fig. 80 . Combination defect in the 030 — 000 bands of the A~X system of HGN and 
DON. The observed values of R{J) — Q{J) — [Q{J -)- 1) — P{J + 1)] are plotted against 

{J + 1 )^ 

shows as an example the combination defect observed in two corresponding bands 
of HCN and DON in the A—X system near 1900 A. It is seen that eq. (11, 53) 
is well fulfilled. The fact that the combination defect is greater for DON than for 
HCIST confirms that it is produced by asymmetry and not by A- or ^type doubling. 

The magnitude of the A-t3rpe doubling may also be obtained by evaluating 
separately the effective B values and for the P, R and Q branches by means 
of the combination differences AgP'!/) in the way described on p. 254 of Volume I 
and then taking the difference B^^ — B^ which would give the doubling according 
to 

Av = (B^^ - B^)J(J + 1). {II, 54) 

The combination defect as defined in (II, 53) and (11, 54) is positive when the 
upper levels of the Q lines are the lower components of the iT-type doublets and 
the upper levels of the P and R lines the upper components. The sign of the 
combination defect gives an important piece of information about the nature of 
the excited electronic state. Additional information results for symmetrical 
molecules from the “sign” of the intensity alternation, that is, whether even or 
odd lines are strong in the various branches. 

The point group of a bent triatomic molecule arising from an unsymmetrical 
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linear molecule is Q, that of a bent triatomic molecule arising from a spnmetrical 
linear molecule is with the C^ in the plane of the bent molecule. For bent 
four, five, . . . atomic molecules derived from symmetric linear molecules the point 
group may also be Cg/i or C 2 or Ci. We shall consider in more detail onl}' the 
three cases C 2 h and C^. Figure 81 shows the first rotational levels for the four 
different types of bent — linear transitions which arise if in the upper state the 
molecule belongs to point group € 2 ^ while in the lower state it is linear (point group 
and is in a state. The sj^mmetr^’ properties of the rotational levels are 
given for the four species of vibronic levels of point group C 2 . and, in brackets, 
for the corresponding species of C 2 ;: assuming that in the former point group the 
G 2 is in the direction of the 6-axis, in the latter point group in the direction of the 
c-axis. The symmetry classification of the rotational levels used here is that 
according to the rotational sub-group, not the full symmetry group (see p. 110). 
For point group Cg the two diagrams at left correspond to d', those at right to A"; 
moreover, for this point group the rotational sub-group has no symmetry and 
therefore the species symbols A and 5 of the rotational levels should be disregarded. 
In the lower state for which only the lowest vibrational level is shown {! = 0) the 
over-all species s and a are, of course, defined only in symmetric molecules. In 
addition to the over-all species also the parities -f and — are indicated according 
to the rules given in Chapter I, section 3(a) and (d). 

The selection rules applicable here are 

+ — , -f- <-!-)> +, — — (11,55) 

.4 <“> 5 , B <-> a, B^s (11,56) 

AJ = 0, + 1 for AK = + 1 and for AK = 0 when A' # 0 

AJ = + 1 for AK = 0, when A = 0. (II, 57) 

Transitions forbidden by the parity rule (II, 55) are forbidden in all three cases 
(Cg, Czv, C 2 h) since the parities of the various levels are the same in all of them. 
These are the transitions to A' = 0 of the A 2 and Bi vibronic states of € 2 ^^ of the 
A^ and Bg vibronic states of Cg/i and of the A" vibronic states of Cg. The allowed 
transitions for € 2 ^ (indicated by full and dot-dash lines) are those to A = 1 of 
and and to A = 0 of J ?2 while for € 2 ^ they are those to A = 1 of and 
and to A = 0 of (indicated by full and broken lines). For Cg aU transitions 
except to A = 0 of occur, (i.e. full, dashed, dot-dashed and dotted transitions 
in Fig. 81). 

It is important to note that, on account of the parity rule, for an A^ upper 
state the Q lines go to the upper A-doubling components of A = 1 while for a A^ 
upper state they go to the lower ones. The same difference occurs between A' 
and A" of Cg and between and Ay of C 2 h- (This is because the parities of the 
rotational levels are reversed when the vibronic eigenfunction is antisymmetric 
with respect to the plane of the molecule.) Thus on the basis of the observed 
branches it is immediately possible to distinguish between the different vibronic 
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species if the point group is known. A B2 upper state is distinguished from Ax 
and Bx by the fact that only ii ' = 0 occurs in transitions from*a totally symmetric 
ground state. Whether the molecule belongs to point group Cg or (or Cg/d in 
the excited state follows usually from the point group in the ground state (see p. 
197). But it is not possible a priori to decide betw'een and C2;: for four- or 
more-atomic molecules. However, such a decision can be made from the band 
structure, if the alternation of the statistical weights in the K' = 0 and K' — \ 
levels can be compared, as follows: 

If the Q lines of a JL band {K' = 1) of a bent— linear transition involve the 
up^er A'-doubling components the excited state is either Ax of Cg,. or of 
If it is the latter, there can also be, as sliown by Fig. 81, a | component (with 
K' = 0) and its P and R branches should show an intensity alternation of the 
same sign as the P and R branches of the _L component. But if the excited state 
is A 1 of C21;, no II component arises; yet the sign of the alternation of weights in the 
K' = Q levels can be established from hot bands (see below) and would be the same 
as that of the Q levels (not the P, R levels) with A' = 1 . This is because, in this 
case, as shown in Fig. 81, the Q levels of if = 1 have the same overall species (A 
or B) as the K ~ 0 levels while the reverse is the case for of 

If the Q lines of a J_ band (if' = 1) involve the lower A^-doubliiig components, 
the excited state is either Bx of €3^, or A^ of Here the Q levels of K' = 1 

have opposite species to the A = 0 levels for Bx of C2, and the same species for 
Aj^ of C 2 k and therefore again these two cases can be distinguished by a comparison 
of the intensity alternation of the main bands with that in hot bands with K' = U 
(since no || components of the main bands arise). 

Summarizing we have the following conclusions: If it can be established 
whether the Q lines in a J_ (main) band of a bent — linear transition goto the upper 
or lower A’-doubling component, it follows immediately that the upper vibronic 
state is A' or A" respectively of C^, or Ax or Bx respectively of C21,, or or A^ 
respectively of Cs/j. In symmetrical molecules the observed intensity alternation 
(whether it yields the same or the opposite sign of the alternation of statistical 
weights for the if = 0 and if — 1 levels) allows one to distinguish unambiguous^ 
between Cgy and €2/1. It may be noted that pure Ij bands (Aif = 0) can occur 
only if the upper state is Bq of ^2v 

The analysis of the main bands of bent— linear transitions proceeds in the 
same way as for linear —linear transitions. For the upper state (in which the 
molecule is not linear) one obtains effective B values which for a II — S type band 
are in a first approximation i(3B^ + OJ and J(Pj, + for the two components 
of the upper state [see eq. (1, 154 and 1, 155)]. Thus approximate values for B^ 
and are obtained. A value for A^ in the upper state can be obtained directly 
from the main bands if the transition is not purely of the _L type but has a 1| 
component. The separation of the origins of corresponding 11 — S and E — S type 
sub-bands gives directly A^,. For pure JLfyp^fi’^iisitions thestudy of the hot bands 
leads to a determination of A^ as shown below. Improved values for J5^, and 
can then be obtained on the basis of the formulae (I, 147) and (I, 148) for slightly 
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asymmetric top molecules by substituting the asymmetry parameter obtained 
from the approximate rotational constants. 

A number of examples of bent— linear transitions have been observed and 
studied in detail. The main bands of the A — X absorption system of HCN 
extending from 2000 to 1600 A show the simple P, Q, B structure described above. 
This is illustrated by the 030-000 band reproduced in Fig. 82. The considerable 



Fig. 82, Spectrogram of the OSO—OOO band of the A — X system of HCN at 1816 A 
showing simple P, <?, R branch structure [after Herzberg and Innes (527)]. The 
transition is of the type — corresponding to the two right-hand diagrams in Fig. 81. 

combination defect already shown in Fig. 80 proves that the molecule is bent in the 
upper state while the sign of the defect shows that the upper state is an A" state, 
that iSj that the transition moment is perpendicular to the plane of the molecule. 
This conclusion is confirmed by the absence of any || component. An example of 
an A' — transition with both || and _L components is the — X system of HCN 
at 1500 A. Even though here a complete resolution is not possible on account of 
predissociation, the main bands show clearly three heads which can be readily 
accounted for as the two heads of a 11 — 21 sub-band plus the single head of the 
E — 2 component (see Fig. 88 below). This interpretation is confirmed by the 
hot bands (see below and Chap. V, section lb). 

A transition in a symmetrical molecule, similar to the A — X system of HCN, 
is the near ultraviolet system of C 2 H 2 in the region 2500-1900 A. Figure 83 shows 
the fine structure of one of the main bands. The intensity alternation is clearly 
visible. Again the large combination defect shows that the molecule is bent in 
the excited state and the sign of this defect shows unambiguously that the transi- 
tion moment is perpendicular to the plane of the molecule, that is, that the species 
of the upper state is either A^ of or of C 2 V While the study of the band 
shown in Fig. 83 by itself cannot lead to a distinction between these two alternatives 
the intensity alternation in hot bands with JT' = 0 of the same upper vibronic 
state does lead to a decision. For iT' = 0 the lines with odd J' are found to be 
strong just as for the Q levels of K' = 1 : therefore the upper state must be A of 
C 2 H, not of C 2 V, that is, C 2 H 2 in the excited state has a staggered (trans) 
conformation. 



II, 3 ROTATIONAL STRUCTURE OF ELECTRONIC TRANSITIONS 201 



Fig. 83. Spectrogram of the 00100-00000 band of the A — X system of C 2 H 2 at 
2310 A showing simple P, Q, R branch structure after Watson (1279). The electronic 
transition is of the type ^4^— ^2^ corresponding to the third diagram in Fig. SI. The three 
branches of the main sub-band (of type II — 2 ) are marked at the top. At the bottom the lines 
of a weak, forbidden sub-band (of type 2 " — ) are marked. It arises on account of “axis- 

switching” and consists solely of a ^ branch. It is very weak at low J but becomes comparable 
in intensity to the main sub-band for high J (see p. :2u9). The head at the right belongs to 
another band. 
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Fig. 84. Spectrograms of several absorption bands of the a~~X system of CS 2 : 
(a) a S— 2 type band (040 — 040) at 3878 A, (&} a EC— 11 type band (050 — 030) at 3773 A, 
(c) a A — A type band (060 — 040) at 3786 A, (d) a — O type band (040 — 030) at 3806 A [after 
Kleman (680)]. Although the electronic transition is now known to be — ^2g , only the 
B 2 — component is observed. Therefore, for the first band the second diagram in Fig. 81 
applies, while for the other bands similar diagrams with I = 1 , 2, 3 in the lower state apply. The 
second component of the 11—11 band is clearly indicated by the branch extending to the left 
from the P head of the first component. It does, how^ever, not form a visible head. Note the 
increasing intensity of the line-like Q branch in going from 11 — 11 to A— A to — <I>. The K- 
type doubling in A — A is clearly shown. It is just visible in O — (D. It should be noted that 
in this figure, unlike all other spectrograms, the wavelengths increase from right to left. 



202 


ELECTRONIC TRANSITIONS 


11,3 


An example of a purely parallel type transition is provided by the near 
ultraviolet absorption bands of CS 2 in the region 3800-3300 A. Figure 84a shows 
one of the main bands with its simple P and R branch. The zero gap is one and 
a half times (not twice) the spacing of the lines, showing that alternate lines are 
missing (just as in the main infrared bands) in accordance with the zero nuclear 
spin of the sulphur nuclei. If the molecule were linear in the excited state (as it is 
in the ground state) the electronic transition would be 11+ — 'Zg ; if it were bent 
(point group ^2v) it would be — which according to Fig. 81 is the only 
possibility for a 2 — S type transition. From the structure of the main bands 
alone a decision with regard to the equilibrium conformation of the excited state is 
not readily possible. But the hot bands do show conclusively that the molecule 
in the excited state is bent (see below). 

Hot bands of bent -linear transitions. At room temperature and even 
more at elevated temperatures the bending vibrations of linear molecules are often 
excited with one, two or even more quanta. Absorption from such levels gives 
rise to absorption bands (hot bands) of a somewhat different structure from that 
of the bands just discussed. The central and right-hand parts of Fig. 79 show the 
origin of the various sub-bands (K structure) but the levels with different J are 
not shown (note that J > K in the upper and J > lin the lower state). 

In Fig. 79 the transitions corresponding to a parallel orientation of the 
transition moment (i.e. || to the top axis) are shown as broken lines, those corre- 
sponding to a perpendicular orientation as full lines. According to the selection 
rule (II, 50), for a parallel transition the = 1, 11 level of the lower state, com- 
bines only with the K = \ sub-levels of the upper state, the = 2, E level only 
with the A = 0 sub-levels, the V 2 — 2, A level only with the K — 2 sub-levels, 
and so on. The 11 ~ If type bands corresponding to V 2 = ^ have a structure 
similar to ^11 — ^11 bands of diatomic molecules (see Vol. I, p. 266) with very weak 
Q branches. But unlike the diatomic case, here the X-type doubling (asymmetry 
splitting) in the upper state is large while in the lower state the Z-type doubling is 
small and therefore the pairs of branches Pa^ Qc> Qd^ split fairly widely 

with increasing J. Figure 84b shows a spectrogram of such a band observed in 
the band system of CS 2 already mentioned. Figure 85 shows the corresponding 
Fortrat diagram. It is seen that the two P heads are widely separated quite 
unlike ordinary TI — R bands. Conversely from the observation of such a large 
splitting for CS 2 it can immediately be concluded that in the excited state the 
molecule is not linear, and indeed from the magnitude of the splitting according to 
(II, 52) the difference B — G is obtained which, together with the B = ^(B + C) 
values, gives B and C separately and therefore the angle of bend. For OS 2 Kleman 
(680) found in this way an angle of 136°. 

For the A— A and <E) — type bands the splitting is much smaller but still 
noticeable as shown by the CS 2 bands reproduced in Fig. 84c and d. At the same 
time the intensity of the Q branch increases with K in essentially the same way as 
in the sub -bands of a || infrared band of a symmetric top (see p. 422 of Vol. II). 
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Fig. 85. Fortrat diagram for the GSg band at 3610 A. This diagram corresponds to 
the spectrum in Fig. 84b. One of the P branches and the two Q branches have not been 
resolved. The curves represent the calculated positions. 

It should be noted that in CS 2 (and similarly in other molecules with identical 
nuclei of zero spin) alternately the upper and lower component of the iT-type 
doublet levels is missing, that is, as long as the A^-type doubling is small the band 
structure may also be described as consisting of single P, R and Q branches each 
with ‘"staggering”. 

Tor a perpendicular transition, according to the selection rule (II, 51), the 
V 2 ~ 1,11 lower state can combine with both K = 0 and = 2 in the upper state 
giving rise to two sub-bands of type 2 — 11 and A— 11 (see Fig. 79). From the 
formula for the energy levels of a nearly symmetric top (I, 146) we obtain for the 
separation of the two sub-bands 4{A — J(P + (7)]. Since for a slightly bent 
molecule A is large, the separation of the sub-bands is comparatively large. In 
Fig. 86 is given a Fortrat diagram of such a pair of sub-bands as observed in HCN. 
Figure 87 shows the corresponding spectrum. While the 2 — 11 band consists of 
single P, R and Q branches, the A — 11 band consists of doublet branches because 
of the K-type doubling in the upper state and the Z-type doubling in the lower 
state. The latter doubling leads to a combination defect in the 2 — 11 band which 
is in general much smaller than the defect in the main 11 — 2 bands (caused by the 
AT-type doubling in the K = I upper state). 

According to the Franck-Condon principle, because of the bent structure in 
the excited state there will be a long progression of such pairs of sub-bands (2—11 
and A— n) running parallel to the main progression (11 — 2). It is readUy seen 




Fig. 86. Fortrat diagrams for the two sub-bands of the 020 - 010 band of the A — X system of HGN. To the left is the A —11, to the 
right is the S— II sub-band. The corresponding spectrum is sho^^m in Fig. 87. 
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Fig. 87. Spectrogram showing the two sub-bands A — 11 and S — 11 of the 020 — 010 
band of HCN. The jP, Q and R branches have been marked. Note the doubling of the 
branches at high J in the A — 11 sub-band (see also Fig. 86). 

from Fig. 79 that the separation of neither hot band from the corresponding main 
band is exactly the vibrational frequency V 2 of the bending vibration in the ground 
state. Rather the separation of the 2 — 11 sub-band from the corresponding main 
band is somewhat greater than since its upper state (iT = 0) is slightly lower 
than the upper state (K = 1) of the main band, while the separation of the A — 11 
sub-band from the corresponding main band is somewhat smaller than vg. The 
actual amounts of these displacements give the spacings of the K = 0,1,2 levels 
in the upper state: viz. 2 — 11 is separated by 

vi+[A- i{B + 6')](P) 
from 11 — 2 while A — 11 is separated from it by 

v'g -[A~ + 0)]{22 - P). 

The magnitudes of these separations change slightly from band to band since 
A, B, C vary slightly in going to the higher vibrational levels of the upper state. 

According to the preceding discussion the observation in the absorption 
spectrum of a linear molecule of a double series of hot bands accompanying the 
main bands such that one series has a smaller the other a larger separation than vg 
from the main series is clear evidence that the molecule is bent in the excited state, 
and such evidence can be obtained even if the fine structure is not resolved. 
Double series of hot bands have been found for C 2 H 2 CJgDa [Ingold and Eiing 
(600), Innes (605)] as well as for HCN and DON [Herzberg and Innes (527)]. 
The previous Fig. 65 (p. 168) shows schematically the relation of the hot bands to 
the main bands for HCN. 

According to Fig. 79, for a J_ band three sub-bands arise from the V 2 = 2 level 
of the lower state, one of type 11—2 from the 2 vibrational sublevel and two of 
t 5 rpes n — A and <I> — A from the A sublevel. The II — 2 band is in all respects similar 
in structure to the main bands. The H— A type sub-band is similar to the A— H 
type arising from v = I, but the A-type doubling in the upper state is much 
larger and therefore the splitting of the branches is greater. The 2- type doubling 
in the lower state is negligibly smaE for I = 2. The O—A sub-bands are similar 
to the H— A except that the iT-type doubling is much smaller. A few sub-bands 
with V ~ 2 have been observed and analyzed for CgHg and HCN. An extension 
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of these considerations to = 3 of the lower state will not be given here; it can 
very easily be made by the reader. 

It is clear that from the separations of the sub- bands the rotational constant 
A can be obtained in a number of ways if + C) has been determined from 

the J structure of the sub-bands. However, actually there are two constants to be 
determined because the centrifugal stretching constant is often relatively large 
for a slightly bent molecule and must be taken into account in the evaluation. 
Thus for the interval between the two levels with K ~ K 2 and K = of a given 
upper vibronic state we must use 

v{K2) - V{K,) ^{A- B){K2^ - (II, 58) 

As an example Table II gives the observed intervals in HCN for the upper states 
A(OOO) to J^(050). It should be noted that in each case |[v(2) — v(0)] is smaller 
than [i^(l) — v(0)]. This is the effect of Df^. The resulting values of A as well 
as of show a fairly rapid increase with increasing amplitude of the bending 
vibration in the excited state. 


Table 11, Sub -band intervals and rotational constants 
A—B AND Dk in the A — JC system of HCN 


Level 

^A-n~~^s-n 
= y(2)-p(0) 

Vn - n ~ - n 

= v(l)-v(0) 

A--B 

Dk 

1(000) 

83.20 

21.41 

21.61 

0.20 

1(010) 

92.55 

23.47 

23.58 

0.11 

1(020) 

104.05 

26.75 

27.00 

0.25 

1(030) 

118.89 

30.72 

31.05 

0.33 

1(040) 

142.45 

37.57 

38.22 

0.65 

1(050) 

181.69 

52.99 

55.51 

2.52 


a n - n sub-bands are not directly observed but their wave numbers are readily ol)- 
tained from the observed II-S main bands by subtraction of i>2. 


As pointed out earlier, in addition to || and J_ bands we may also have hybrid 
bands when there is both a || and a J_ component of the transition moment. The 
relative intensities of the two component bands depend on the ratio of the squares 
of the components of the transition moment. For molecules that are planar in 
the excited state a hybrid band will in general arise when the transition moment 
lies in the plane of the molecule and when in the excited state the molecule belongs 
to point group or C 2 h since in that case the direction of the transition moment is 
not determined by symmetry. A hybrid band cannot arise when the molecule 
belongs to point group € 2 ^ since according to Table 9 the transition moment for a 
given electronic transition can only be in the x 01 y or z direction and these direc- 
tions are either parallel or perpendicular to the top axis. 

As mentioned before, the bands of HCN represent an example of such a 
hybrid transition. This is confirmed by the hot-band structure: there are three 
(rather than two) sub-bands with V 2 = l corresponding to every main band, as 
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shown by the spectrogram in Fig. 88. As expected the shortest and longest 
wavelength sub-bands of such a group have two heads each {R and Q) since they 
are A — n and S — 11 transitions while the middle band has only one head since it 
is a n - n transition. The intervals between the bands are roughly in the ratio 
1 : 3 and from them A ~ + C) can be determined even though the fine structure 
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Fig. 88. Spectrogram of a section of the d - X system of HCN. The top part gives a 
general view of the absorption spectrum of HCN in the region 1600 to 1300 A. At the bottom 
the first few bands are shown at higher resolution to show the sub-band structure. The 
bands of the main progression show three heads, two corresponding to the _ component 
(11-2) and one corresponding to the 1| component (2-2); see p. 200. The hot bands have 
three sub-bands, two with double heads {R, Q) and one with a single head (i?). 

of the bands is not resolved. It is interesting to note that the 11 — 11 sub-band 
rapidly decreases in relative intensity compared to A - 11 and 2-11 with increasing 
V 2 . This indicates that with increasing amplitude of the bending vibration the 
transition moment becomes more and more nearly perpendicular to the top axis. 
Presumably this change is closely related to the rapid increase of A with t’a which 
indicates that the a-axis approaches more and more the direction of the C— X 
bond (or in other words, in spite of the increasing amplitude of vibration the 
molecule on the average is less and less bent). 

Hot hybrid bands with Ug = 2 would have five sub-bands: 2-2, 11-2, 
n - A, A -A, 0-A. No example has as yet been observed. 

Thus far we have assumed that in the bent conformation of the excited state 
the molecule is nearly a symmetric top, that is, that the asymmetry parameter b 
is small. If this is no longer the case we can still designate the rotational levels 
according to K, the quantum number of rotation about the a-axis, but the A-type 
doubling is now very large and K is no longer a " good” quantum number. There- 
fore transitions violating the selection rule AA = 0, ±1 may occur. Thus for 
example, from the ground state (V = 0) not only A = 0 and if = 1 m the up^r 
state can be reached but also A = 2, 3, ... - It is easily seen by considering the 
over-aU species of the rotational levels that when in the nearly symmetnc ca^ only 

= 0 or only NK = + 1 occurs, in the asymmetric case only even or o y 
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/\K values respectively (not both, as in hybrid bands) can occur. However, even 
for a large asymmetry the transitions with AiT = 0, + 1 still represent the strongest 
transitions (see section 3d(y) below). The intensity drops rapidly with increasing 
IAjK'I the more so since for one of the combining states K is still exactly defined. 


\i 



Fig. 89. Change of axis system in a bent - linear transition of an XYZ molecule. 

The black circles indicate the equilibrium positions of the nuclei in the lower, the open circles 
the equilibrium positions in the upper state. The arrows indicate the initial motions of the 
nuclei immediately after the quantum jump. 

Another cause for the occurrence of transitions with unorthodox Aif values 
has recently been discussed by Hougen and Watson (580). It is briefly referred to 
as axis switching: According to the elementary form of the Franck-Gondon 
principle, if the molecule goes from a state with linear equilibrium conformation 
to one with a bent conformation it will start out to oscillate from the linear con- 
formation about the new equilibrium position. This is shown schematically in 
Fig. 89. It is clear however that the principal axes of inertia in the upper state 
(a', h', c') do not in general coincide’’ with those in the lower state (a", b" , c"). 
In the example of Fig. 89, if the amplitude of the bending vibration in the bent 
form (open circles) is increased until the turning points of the motion for the three 
atoms are on a straight line, there is no reason of symmetry why this line should 
coincide with the inertial axis a' of the bent form. But the straight line in question 
according to Franck’s principle must correspond to the initial conformation 
immediately after the “quantum jump” from the lower (linear) state. Only if 
there is sufficient symmetry will the two axis systems coincide, for example, for a 
molecule that belongs to point group in the ground state and C^v the 
excited state. But in aU unsymmetrical cases as for example, for bent -“linear 
transitions of an XYZ molecule (see Fig. 89) or even of a symmetrical X 2 Y 2 
molecule if the point group of the excited state is axis switching takes place. 
The angle between the two axis systems is usurdly quite small, even in extreme 
cases less than 10°. However, because of the difference in the axis system for the 
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rotational eigenfunctions the matrix elements for transitions with \K x 1 a 
_]_ band and AA 0 for a || band are no longer zero even if the molecule in the 
excited state is very close to a s\Tnmetric top. Thus forbidden sub- bands with 
unorthodox A A values may be expected to occur. More detailed calculations show 
that the intensity formulae for these forbidden sub- bands contain in addition to 
the terms of the normal (Honl-London) formulae a factor if AA differs by 1 
from the orthodox values and a factor if the difference is 2. 

Examples for the effect of axis switching have been found by Watson ( 1279 ) 
in the near ultraviolet absorption spectrum of C 2 H 2 . Already in the early work 
of Ingold and King (601) and Innes (605) a few sub-bands with \K = 0 and -f 2 
were found while most of the bands have AA = +1. IVatson established that 
these additional sub -bands have very small intensity at low J as required by the 
axis switching mechanism. In addition he observed some transitions with AA = 3 
(^)— 2 type sub-bands) in which the dependence on J is still more pronounced. 
Watson has also confirmed the prediction that in the forbidden A A = 0 sub- 
bands of a J_ transition the P and R branches are weak and have zero intensity in 
a S —S type sub-band, i.e., only the Q branch occurs (as Fig. 81 shows, the P and R 
branches would violate the parity rule). In Fig. 83, which shows the 1—0 main 
band of C 2 H 2 , the Q branch of the forbidden 2 — S tj-pe sub-band is visible: it is 
weak for low J but comparable in intensity to the P, Q, E branches of the main 
band for high J. Here, as in all other forbidden sub- bands, the observed relative 
intensities fit in well with theoretical expectation. The angle between the two 
axis systems in C 2 H 2 is only 2.5°. The non-observation of similar tramsitions in 
HCK is accounted for, since the angle is smaller (1.5°) and since the relative intensity 
depends on the square of this angle. 

Linear — bent transitions. The difference between transitions in which the 
molecule is linear in the lower state and those in which it is linear in the upper 
state (and non-linear in the lower) is mainly that in the latter, even for cold absorp- 
tion, in the low'er state a number of levels of different A are populated while in the 
former only one such level A = Z = 0 is present. Since according to the Franck- 
Condon principle, in linear — bent transitions in the excited state the higher 
vibrational levels of the bending vibration (each with several V values) are excited, 
each vibrational band wiU consist of a number of sub-hands even at low tempera- 
ture. The energy level diagram Fig, 90a illustrates this situation for a ] transition, 
Fig. 90b for a _L transition, assuming that the excited state is a 2 electronic state. 
In the excited state only the levels v' = 5, 6, 7 are showm. There is an alternation 
of odd and even I values for odd and even v. As is seen directly from the diagram, 
the number of sub-bands of a |j band equals the number of I values for each v , 
(in the example of Fig. 90a, three for 5—0, four for 6 — 0 and 7 — 0) . For a J_ band 
the number of sub -bands is twice as large since A A can be both H- 1 and — 1 (except 
when A = 0 in the ground state); thus the 6-0 band consists of six, the 6-0 
band of seven, the 7 — 0 band of eight sub-bands. 

In the excited electronic state the vibrational levels of a bending vibration 



210 


ELECTRONIC TRANSITIONS 


11,3 



(a) (b) 

Fig. 90. Energy level diagram for a progression in the bending vibration of a 
linear - bent transition (a) for a || transition, (6) for a J_ transition. Only one vibrational 
level {v = 0) of the lower state is shown (cold absorption). At the bottom schematic spectra 
are drawn. 


are normally represented by 

+ 1 ) + + 1 )^ + 

In other words for a given the energy depends quadratically on I, just as in the 
ground state it depends quadratically on K. Therefore the coarse structure of the 
resulting bands will be very similar to that of || or bands of a symmetric top 
(see the next subsection) . However here in general the coefficients of the quadratic 
terms in the upper and lower state, and A — \{B + G), are quite different in 
magnitude and consequently there will be in general a very strong divergence in 
the series of sub-bands for each v' (see the schematic spectra at the bottom of 
Tig. 90). In addition, unlike the case of the symmetric top, the number of sub- 
bands is strictly limited by the v' value in the upper state and may be used to 
determine this E value. Furthermore sub-bands with even or odd 1C values are 
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missing for odd or even v' respectively if AiiL = 0, and for even or odd v' respectively 
if AK = ± 1 . As a result of this alternation we expect an apparent staggering in 
a progression of the bending vibration because the first sub-bands in successive 
vibrational transitions come alternately from ^ = 0 and A' = L For hybrid 
bands the two band structures (|| and A) are simply superimposed. 

If the deviation from a symmetric top (now in the lower state) is large, transi- 
tions with AE — ±2, ±4, . . . may occur very weakly" in |! bands, and transitions 
with AK = ±3, + 5 in J_ bands in addition to the main transitions with AE = 0 
and ±1. Even for a nearly symmetric top, just as for bent— linear transitions, 
sub-bands with unorthodox AE values may also be produced by axis switching if 
the location of the principal axes in the lower state is not determined by s;jmimetry 
alone (see p. 208). 

The fine structure of the sub-bands is determined by the selection rules (II, 55) 
to (II, 57). It is entirely similar to that of bent — linear transitions. However, 
here higher E and I values occur and therefore more and more lines are missing at 
the beginning of the branches, since J > E. Conversel}’ from the number of 
missing lines the E values can be ascertained and therefore it can be established 
whether or not alternate sub-bands are missing, that is, whether or not the mole- 
cule is linear in the excited state. At the same time the values of the vibrational 
quantum number v in the excited state can be determined from the E values 
that occur. 

While no example of a linear — bent transition with a E upper state has yet 
been completely resolved, Ritchie and Walsh (1071) have resolved the E structure 
of such a transition in the ultraviolet absorption spectrum of NO 2 . There are 
several progressions in the bending vibration (v 2 = 600 cm"^) all of which show a 
pronounced staggering. Each band consists of three main peaks but the spacings 
between these peaks are not the same in successive bands but alternate between 
21 and 64 cm“^ for one group, and 42 and 85 em“^ for the next group, that is, 
alternate in the ratio 4:12 and 8:16 respectively. This is precisely what is expected 
in a case like that shown in Fig. 90a, assuming that these groups correspond 
alternately to A" = 0, 2, 4 and A = 1, 3, 5. We can conclude therefore that the 
molecule is linear in the excited state and that the transition is The 

constant factor in the ratios, i.e. 5.3 cm"^, gives the difference between A — B of 
the lower and ^22 f^he upper state. An example of a J_ transition as in Fig. 90b 
has not yet been observed. 

If the upper electronic state is a 11 or A state we must take vibronic inter- 
actions and the resulting Renner-TeUer splittings into account. As we ha\e seen 
in Chapter I, section 2b, each single level of the upper state in Fig. 90 is then split 
into two levels with E = jl ± A|, except when Z = A or Z = 0 in which case there 
are three or one component levels respectively. If the upper state is Il„ (of Dooh.) 
and the lower state A 1 (of C 2 J we have a _L transition with A A = ± 1 . In Fig. 91 
an energy level diagram for this case is shown assuming very smaU Renner-Teher 
splitting (e = 0.02). For such a smaU sphtting the effect of anharmonicity cannot 
be neglected and has been taken into account foUowing Hougen and Jesson (579). 




V 


Fig. 91. Energy level diagram for a linear —bent transition when the upper state is 
an electronic II state with small but non-zero Renner-Teller splitting. The an- 

harmonicity constant 9^22 been assumed to be fairly large in the upper state. The Renner- 
Teller splitting is smaller than the anharmonicity splitting. The formulae of Hougen and 
Jesson (679) were used for the levels. 


There are now almost twice as many sub-bands as for a S upper state (Fig. 90b). 
As before, sub-bands with even or odd K" are missing depending on whether v' is 
odd or even. No examples of this type have yet been studied. 

The evaluation of the rotational constants in the upper and lower states of 
linear — bent transitions proceeds of course in much the same way as for bent — 
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linear transitions. Thus the eiFective B value for the lower state gives essentially 
\(B + O) while the A"-type doubling for K" = 1 gives -- C) with appropriate 
corrections when the molecule is a strongly asjTnmetric top [see Chap. I, section 3d]. 
Since all K" values are represented in each lower vibrational level the rotational 
constants Al can be somewhat more readily determined than for bent — linear 
transitions observed in absorption; we only need to take appropriate differences of 
sub-band origins vq(K' —K"). For example (see Fig. 90b), neglecting centrifugal 
stretching and higher asymmetry terms, 

vo(l”0) - ro(l-2) = F"{K = 2) - F’'(K = 0) = + C")] 

vo(2-l) - ro(2-3) = F"{A = 3) - F"(A = 1) = -f C')]. 

Here the second relation, because of the limitation of the A" values in the upper 
state, cannot be formed from the same band as the first. 

For the quartic terms in the energy formulae, asymmetry terms become very 
important even for slightl}" asymmetric tops. A determination of centrifugal 
stretching constants is therefore quite difficult. However, this difficulty does not 
greatly affect the evaluation of the main rotational constants. 

Linear -bent transitions between Renner-Teller states. As has been 
mentioned in Chapter I, section 2b, several cases of “linear" molecules are known 
where the Renner-Teller splitting is so large that in effect two separate electronic 
states result: a higher one in which the equilibrium conformation is linear (or 
nearly linear) and a lower one in which it is bent (see Fig. 4). Transitions between 
these two Renner-Teller states can occur and are of the linear — bent type. The 
transition moment for these transitions is necessarily perpendicular to the plane 
of the molecule in the lower state. They have the same coarse structure as des- 
cribed earlier for linear -bent transitions with upper state (Fig. 9Ub), except 
that now v' is one or two less than the highest K' in each band (see Fig. j ), depend- 
ing on whether the ‘^original” state from which both upper and lower state are 
derived is Tl or A (since AJnax = 1^' + 

An especially simple example is the red absorption system of HCO [Herzberg 
and Ramsay (538)]. Here all the vibronic levels with A' > 0 are strongly pre- 
dissociated and only the sub-bands with A' = 0 are observed to have a discrete 
structure. Figure 92 shows one of these bands with its simple F , Q and R branches. 
The observed bands form a simple progression but, if this is indeed a linear -bent 
transition, they represent only alternate bands since only alternate vibrational 
levels have K' = 0, i.e. are of the 2 t}^e (see Fig. 7). ActuaUy intermediate 
bands with A' = 1 have been found but they are very diffuse [see Johns, Priddle 
and Ramsay (638)]. The simple structure of the discrete bands might lead one to 
conclude that the molecule is linear in both excited and ground state but the 
considerable combination defect between Q and F, R branches, which is the same 
for all bands of the progression and is larger for DCO than for HCO, proves beyond 
doubt that the molecule is non-linear in the ground state. 

A more general example is provided by the red absorption spectrum of NHa 
(the so-caUed a-bands of ammonia). Here the sub-band structure is not at aU 
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obvious because the moments of inertia are small, the rotational constants large, 
and because in the lower state the molecule is a strongly asymmetric top. There- 
fore the spectrum has the appearance of a many-line spectrum and only after 
considerable effort was it finally analyzed in detail by Ramsay (1041) and Dressier 
and Ramsay (308). 

A very similar spectrum was later found and analyzed for CHa by Herzberg 
(521) and Herzberg and Johns (530). Since this spectrum does not have the 



Fig. 92. Spectrogram of the 090-000 band of the A~X system of HCO at 6138 A. 

The P, Q and R branches are marked. They are numbered according to the N values in the 
lower state (with K — 1). Each line is an unresolved doublet. 

complication of spin-doublet structure exhibited by NHg, we use it for further 
illustration. Figure 93 shows the most intense part of the 14 — 0 band. Using 
a diagram similar to Fig. 90 but taking account of Fig. 7 in the upper state and 
applying the selection rule A A = + 1 we find that the complete 14 — 0 band would 
have eleven main sub -bands, five with AA =4-1 and six with Aif = — 1. In 
addition there could be much weaker sub -bands with AA = ± 3 and possibly higher 
AA values. Actually, thus far only five sub-bands, two with AA ==4-1 and three 
with A A = — 1, have been found. Of these, three are to be seen in Fig. 93. Each 
sub-band, except the one with K' — 0, has six branches, two P, two R and two Q 
branches (on account of asymmetry doubling) while the sub-band with A' = 0 has 
only three, one P, one Q and one R branch. As an illustration, in Table 12 the 
wave numbers of the lines in the observed branches of the 14-0 band are given. 
The designation of the branches follows the usual rules: the left superscripts of the 
symbols P, Q, R give the A A value: p means A A = — 1, r means A A = 4-1. 
The first subscript gives the A^ value of the lower state, the second subscript the 
Ac value (see p. 106). The latter distinguishes the two A-doubling components 
for a given A^. Thus the three branches of the band with A' = 0 and K" = 1 
are ^Qi,AJ) and ^Pi,/_i(J), the six branches for the transition 

A — 2 K" = 1 are ’'Px,j-i(«^)U-Ki./(J)U0i,/-i(J)UQi,/(*^)> 

and similarly for other sub-bands (see Figs. 81 and 107). Alternatively, the 
individual lines are simply described by the JKaK^ values of upper and lower state, 
e.g., the line would be described as 3o3 — 3i3. 

The difficulties in the analysis of the bands of both NH 2 and CH 2 have been: 
(1) the branches are short since the rotational constants are large, (2) the A-type 
splitting for A" = 1 is so large (since the molecule in the lower state is a strongly 
asymmetric top) that pairs of branches distinguished only by the A-doublet 
component to which they belong are difficult to recognize (see Fig. 93), (3) the six 
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branches of a given sub-band may have very different intensities, in particular the 
branches for which AiC and AJ have opposite sign are in general very weak and 
often not observed (see Table 12), (4) because of the deviations from a symmetric 
top the cubic and quartic terms in the branch formulae may be relatively large thus 
making it difficult to recognize the branches, a difficulty that is increased because 
of the small number of lines in each branch. 


Table 12. Fine stbucture of the 0,14,0 — 0,0,0 band of the red 

SYSTEM OF CH2 



0 — 1 sub-band 

2—1 sub -band 

J 

0 

1 

^^1./ 

’^-^ 1 , 7-1 


.7 - 1 

’’Qij 

16957.69 16930.37 16909.39 

16783.57 

16786.76 



2 

963.20 929.33 

884.47 

790.88 

802.24 

16743.52 

16755.27 

3 

967.25 927.65 

856.96 

800.38 

812.82 

729.77 


4 

970.00 928.79 

825.05 


831.98 

710.21 

761.97 

5 

974.31 932.19 

794.80 



697.98 


6 

939.01 

767.31 





7 


743.52 






2 — 3 sub -band 

4—3 sub -band 

? 

^^ 3 ,/ -13 ^^ 3 , 7-2 ^ I ^ 2 , J ~3 

^Pqj-2 

’^^3,7-3 

^R'^j ~ 2 

^Q’d.j - 3 

^^3.7-2 

2 

3 

16652.93 16606.10 

16605.38 

16338.36 

16338.64 



4 

16648.85 

578.30 


354.31 


16263.64 

6 

550.71 




16256.21 


6 


514.30 






In addition, two lines of the 4 — 5 sub-band have been identified. 


In spite of these difficulties, by a systematic application of the method of 
constant differences it has been possible to analyze a fairly large number of NH 2 
and CH 2 bands. There are two types of combination relations that are important 
for the analysis of such complicated bands (see Fig. 107 below) : 

(1) Combination relations within a given band or even a given sub -band. 
For example within the K' = 2 ^ K" = 1 sub-band we have (assuming that the 
doubling for the K' = 2 levels is negligible) 

+ 1) = + 1)^ (11,59) 

and similar relations for the other component of the K" = 1 level as well as 
corresponding relations in other sub-bands. Different sub-bands with one state 
in common, e.g. K' = 2 K" = I and K' — 2 <- K" = 3, must obey combina- 
tion relations such as 


~ 4- 1) — ^Pz,j-2W "h 1), (n, 60) 
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which may also be written 

- ^Qsj-2iJ + 1) = “ ^P2J-2{J + 1) (11, 61) 

and similar relations between other pairs of sub-bands. 

(2) Combination relations between different bands. For example, the values 
of the differences (II, 59) and (II, 61) must, of course, recur in other bands with the 
same lower state while differences like (II, 60) must recur in other bands with the 
same upper state. In addition, there are differences like 

- 1 ) - ^P2.J-2(J + 1 ) 

and 

- 1 ) - + 1 ) 

which must recur in aU bands with the same lower state. 

Table 13 gives a few examples of the agreement of combination differences in 
the red CH 2 bands. Using these and other similar differences it was established 
that a given band contains only either even or only odd K' values and that even 
and odd K' values alternate in successive bands of the main progression. This 
observation, according to the discussion above, represents a clear demonstration 
that the CH 2 molecule must be linear or nearly linear in the upper state of the red 
bands while the presence of several successive K" values in the lower state and the 
large Z-type doubling particularly for K" = 1 prove that the molecule is strongly 
bent in the lower state. 

For a E electronic state as upper state the contribution of to the energy 
in a triatomic molecule would be 

922 ^^ 

where ^22 is of the order of the anharmonic constants (e.g. 1/22 = +1.7 cm'^ for 
the ground state of CO 2 ) and is usually positive. For CH 2 the value of the co- 
efficient of K'^ (which would be that of I if tlie upper state were a E state) is 
found to be —16 cm“^. Such a large negative value of this coefficient seems 
impossible for a E electronic state but is precisely what one would expect from the 
theory of the Renner-Teller effect (see p. 30f ) for the upper component of a 11 or A 
electronic state of a linear molecule. The present observations on CH 2 are 
insufficient to decide whether the upper (and lower) state is derived from a or 
a state, but it is readily seen from the electron configuration (see Chap. Ill) that 
only a state is available. For an experimental proof of this conclusion it would 
be necessary to establish what the K' values are for the lowest v' values. 

A more detailed study of the lower vibrational levels of the excited electronic 
states of both I 1 IH 2 [Dixon (286a)] and CHg [Herzberg and Johns (530)] shows that 
they do not follow exactly a simple vibrational formula of the type 

<^>2(^2 + 1 ) + ^*^22(^2 "h d- 922 ^^ 

but that deviations occur of the type expected for molecules with a slight potential 
hump at the linear conformation (see Chap. I, section 3(e)): If the AC values of the 
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S vibronic levels are plotted as a function of the vibrational energy they are found 
to have a minimum at low V 2 values as expected for quasi-linear molecules (see 
Fig. 46, p. 122). In addition the vibronic 11 levels for low V 2 approach the S 
levels rather than lie halfway between successive E levels (see Fig. 47). Dixon 
has estimated that the equilibrium angle for NHg is about 144° and the barrier 


Table 13. Combination diffebences in the bed CH 2 bands [aftek 
Herzberg and Johns (530)] 


J 


- ^QiAJ + 1 ) 

'’Qx.AJ) - 

■^Px.j-x(J + 1) 


080-000 

0140-000 

080-000 

0140-000 

1 

28.21* 

28.36 

44.65 

46.90* 

2 

35.60 

35.55 

72.48* 

72.37 

3 

38.41* 

38.46 

102.51 

102.60 

4 

37.89* 

37.81 

134.01* 

133.99 

5 

35.40* 

35.30 

164.91* 

164.88 

6 



195.83* 

195.49 

J 

- 1) 

^^3 j_3(J -f- 1) 

- 1) 

“■ 3,/_2('I -f 1) 


080-000 

0140-000 

080-000 

0140-000 

2 

177.45 

177.47 

181.50 

181.38 

3 

212.48 


224.00 

223.94 

4 

249.66 

249.67 

271.61 


5 



317.66 

317.68 


* An asterisk indicates the use of a blended line for the particular combination difference. 

of the order of 800 cm “ ^ . For the higher vibrational levels of the excited state 
both CH 2 and 'NII 2 behave as if they were linear and therefore it is justified 
to consider the spectra as linear — bent transitions. The spectrum of BH 2 recently 
observed by Herzberg and Johns (531) represents a purer case of a linear — bent 
transition in which no potential hump is detectable in the excited state. 


Emission spectra. In the preceding discussion of bent — linear and 
linear — bent transitions we have assumed them to be observed in absorption. 
The analogue of cold absorption is emission from the lowest vibrational level of the 
excited state. Here, when the molecule is non-linear in the upper state the band 
structure is entirely similar to that in the absorption spectrum when the molecule 
is non-linear in the lower state, and, conversely, the emission from an excited 
state in which the molecule is linear and in which it is in the lowest vibrational 
level, gives rise to a spectrum that is similar in every way to the absorption 
spectrum when the molecule is hnear in the lower state. If in emission several 
vibrational levels are excited in the upper state the band structures are similar 
to the corresponding case of hot absorption. 

Two band systems of the type here under consideration have been observed 
in emission: the NIL 2 bands discussed earlier occur in emission in various flames as 
weU as discharges and have also been observed in the spectra of comets. The 
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only difference from the absorption spectrum lies in the occurrence of bands for 
which in the lower state one or more ribrations are singly or multiply- excited. 
The second band system is that of the carbon monoxide flame bands which have 
been a puzzle for many decades, but which have recently been shown by Dixon 
(283) to be due to a bent — linear transition of CO 2 . Here ail observed transitions 
come from the lowest two vibrational levels of an excited (B 2 ) state in which the 
molecule is strongly bent (0 = 122^) while the lower levels are highly excited 
vibrational levels of the ground state in which the molecule is linear. The 
characteristic alternation of even and odd sub-bands in successive bands of a 
progression in V 2 appears, but the vibrational structure is complicated by the 
presence of Fermi resonance. The transition is of the ;| tj^pe (see Fig. 90a), that is, 
K' — I" and bands with Z" values up to 4 have been assigned. The determination 
of ^ — 5 in the excited state, just as for the CS 2 absorption spectrum, cannot be 
made directly (since AiC = 0) but requires a knowledge of the energy differences 
between levels with different I in the lower state. For CO 2 these energy differences 
can be extrapolated from infrared data [Courtoy (246)]. The resulting rotational 
constants of the upper state are given in Table 64 of Appendix \T. 

Multiplet splitting. If the resultant spin of the electrons in one or both of 
the electronic states is not zero and if spin-orbit coupling is not negligibly small, a 
multiplet structure of each of the rotational lines of the preceding treatment will 
occur. As we have seen in Chapter I, section 3, for non-linear conformations of a 
polyatomic molecule, the multiplet splitting is in general small and is of the same 
type as in Hund’s case (b) for diatomic molecules. For linear conformations the 
multiplet sphtting may be large or small depending on whether Hund's case (a) 
or case (b) respectively applies (we disregard case (c) for the present discussion). 
Thus for bent — linear and linear — bent transitions we may have case (b) — case (a) 
and case (a) — case (b) transitions or case (b) — case (b) transitions. If in the linear 
conformation case (a) applies, we have to consider separately the combination of 
each multiplet component of this state with the non-linear state according to the 
selection rules (II, 55) to (II, 57). Since no example of such a case is knovui we 
shall not discuss it further. 

For case (b) — case (b) transitions the quantum number N of the angular 
momentum apart from spin is well defined and for it the selection rule is (see 
Vol. I, p. 244)5 

Ai^ = 0, ±I (n,62) 

with the restriction [see (eq. II, 57)] 

NN = 0 is forbidden for K' = K" = 0. (II, 62a) 

In other words, if the multiplet splitting is neglected we can use N in place of J 
and everything is the same as for singlets. If one wants to consider the multiplet 


® Note that in Volume I, K was used instead of N. 
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^KaKc 



K^Q 

Fig, 94. Energy level diagram showing spin doubling in the K = 1 4 -)“ K = 0 and 
K = 1 ■<-> K. =2 sub -bands of a linear —bent transition. In the excited state Ka and 
values are formally assigned to the levels {Ka — K, Kc = N, N — 1), Branches with A J = 
AN (main branches) are indicated by solid lines, branches with AJ ^ AN (satellite branches) 
are indicated by broken lines. 
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splitting one has to apply the selection rule (II, 45) for J as well as (II, 62) for N, 
As for diatomic molecules the strongest branches are those for which AJ = NN 
and therefore in a doublet or triplet transition in place of each single line of a 
singlet transition there are two or three strong components respectively. The 
splitting of these doublets or triplets is the difference or sum of the level splittings 
in the upper and lower states. The level splittings can be determined separately 
only if at least some lines with AJ ^ IN are observed. 



Fig. 95. Spectrogram of the K = 1 — K = 0 sub- band of the 6300 A band of NHg 
showing spin doubling [after Dressier and Ramsay (308)]. Only the main branches 
(AiV = AJ) are marked. For each N value there are two lines whose spacing corresponds to 
the difference of the spin doubling in upper and lower state. 

As an example Fig. 94 gives an energy level diagram for the K = \ > A = 0 

and A = 1 A" = 2 sub-bands of a linear — bent transition with spin doubling. 
The origin of the main branches (AJ = AiY, solid lines) and of the satellite branches 
(AJ ^ AA, broken lines) is clearly shown. The figure is drawn approximately to 
scale for the NH 2 080 ^ 000 band at 6300 A. Figure 95 shows a spectrogram of 
the A = 1 A = 0 sub-band, in which the spin doublets are well resolved. It 
is from this and similar spectra that the spin splittings of the lower state represented 
in Fig. 43 have been obtained. 

Forbidden transitions. For triplet — singlet transitions (or generally 
inter CO mbinatio7is) the spin fine structure of a bent — linear or linear — bent transi- 
tion would be expected to be similar to corresponding linear — linear transitions. 
Also the Zeeman splitting in a magnetic field would be expected to be similar, that 
is, unlike singlet — singlet transitions it would be of the order of the ‘"normal” 
Zeeman splitting. However, it has been recognized recently [Herzberg (523), 
Hougen (574)] that the selection rule for A [corresponding no^v to the component 
of N, not J, in the top axis] is changed to 

AA = 0, ±1, ±2 (11,63) 

with certain restrictions (see section 3b) and thus additional sub-bands with 
unorthodox AA values may occur. In addition, in Hund’s case (b), the selection 
rule for N is changed to 

AA = 0, ±1, ±2 (II, 64) 

making possible the occurrence of S~ and 0-form branches in the sub-bands®. 

® For doublet — quartet transitions the selection rules would be AiC = 0, ± 1, + 2, ± 3 and 
AN 0, ±1, ±2, ±3. 
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There are thus the following criteria for recognizing triplet ~ singlet transitions 
of the bent — linear or linear — bent type: 

(a) a fine structure of individual “lines” 

(b) a large Zeeman splitting in a magnetic field 

(c) the occurrence of unorthodox sub-bands with AK values not normally 
found for || or J_ bands 

(d) the occurrence of branches with AN = ±2 [assuming Hund’s case (b)]. 

Thus far no case has been found in which all four criteria have been observed. 

The only example of a triplet— singlet bent — linear transition known at 
present is provided by the near ultra violet absorption bands of CS 2 . The simple 
structure of these bands was for a long time considered as evidence that they 
represent a singlet — singlet transition until Douglas (293) showed that there is an 
appreciable splitting in a magnetic field. Such a splitting can only be accounted 
for if the upper state is triplet. The apparent absence of a line splitting without 
magnetic field has recently been explained by Douglas and Milton (298) and 
Hougen (576) as due to a fairly large triplet splitting of the excited ^^2 state of 
which only the B 2 component is observed. The low intensity of the transitions 
to the other two components {A^ and B^) at high J is understandable on the basis 
of Hougen’s theory. 

Forbidden electronic transitions which occur on account of vibronic interac- 
tion have the same rotational structure as corresponding allowed transitions. 
For example, in a bent— linear transition of an XY 2 molecule, which is 

forbidden by the dipole selection rules, vibronic transitions are possible from the 
000 level of the ground state to those upper vibrational levels in which the anti- 
symmetric stretching vibration is excited by odd quanta; since the vibronic species 
of these upper states is the corresponding bands would have the same fine 
structure as the bands of electronic transitions. 

A — electronic transition could also occur as a magnetic dipole transi- 
tion (see p. 134f). The band structure would be entirely similar to that of a 
Ml — electric dipole transition, that is, it would include the 0 — 0 band; but, 
as emphasized before, the intensity of such magnetic dipole transitions would in 
general be much smaller than that of the electric dipole transitions induced by 
vibronic interactions in the same electronic transition. No actual example of 
either type has been observed for linear— bent or bent— linear transitions. 

(b) Symmetric top molecules 

We shall consider in this section the rotational structure of bands of only such 
molecules which at least in one of the two combining states are symmetric tops on 
account of symmetry. If in the second state the molecule is somewhat asymmetric 
and therefore not a genuine symmetric top, we shall assume in this sub -section 
that it is still sufficiently close to a symmetric top that the effect of asymmetry 
terms can be disregarded. 
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Selection rules. The selection rules for the rotational quantum number in 
electronic transitions of symmetric top molecules are the same as for infrared bands 
since according to (II, 15) they are determined by the same matrix elements of the 
direction cosines 

J i/j'r* cos etc. 

as for infrared spectra [see eq. (IV, 56) of Vol. II]. Thus, when the transition 
moment of the electronic transition is parallel to the top axis (j| bands) we have 

AZ = 0, AJ = 0, ± 1 if Z ^ 0 (II, 65) 

AZ = 0, AJ = ± 1 if Z = 0. 

On the other hand, when the transition moment is perpendicular to the top axis 
(J_ bands) we have 

AZ=±1 , AJ = 0, ±1. (11,66) 

In addition, just as for linear molecules we have selection rules for the over- 
all symmetry properties. The selection rule for the + , — symmetry (symmetry 
or antisymmetry with regard to inversion of the over-all function) is the same as 
for linear molecules, i.e. 

+ <->—, 4 -^+, — (11,67) 

This rule is important only for planar molecules and those non-pianar molecules 
for which inversion doubling is resolved. For all other molecules, since there are 
for each rotational level a + and a — sub-level of the same energy this rule can be 
disregarded. 

Furthermore we have the selection rules for the over-all (rovibronic) species 
which are analogous to and just as strong as the s a rule of linear molecules. 
If the over-all species is taken with regard to the rotational sub-group we have the 
rule, just as for infrared and Raman spectra (see Vol. II, p. 415), that the over-all 
species does not change, that is 

A^ A, Z ^ Z, . . . , A^E, . . (II, 68) 

For allowed electronic transitions of symmetric top molecules this rule does not 
introduce any restrictions beyond those introduced by the other selection rules. 

However, when the over-aU species is taken with respect to the fuU symmetry 
group (see Chap. I, section 3) the selection rule is different and does introduce 
further restrictions. Hougen (571) finds that only those (rovibronic) transitions 
can occur for which the direct product of the over-aU species of upper and lower 
state contains the species of the product 

TA 

of a translation along the symmetry axis and a rotation about this axis. For the 
point groups . . . this product has species A 2 , for . . . species A" ^ 

for 1 ) 3 ^, • • • species A-i, for . . . and • • • species and for 
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Dad, • * • species B^. Thus for example for a molecule the selection rules 
for the over-all species are 

Ai <r~> A2] E <r-> E] Ai,A 2^-^E', Ai <-h- A ll A2'^>A2. (11,69) 

Similarly for 

A[’(r~>A{; ^2 *^^25 E'<^E"i A'l H-> A'l, A2, A2I 

Al^AlA'2,Al; E'^E'i E^'^E". ^ 

Finally we must consider the selection rule for the component levels of the 
first order Coriolis splitting that arises in every degenerate vibronic state [( + 0 smd 
( — Z) levels, see Chap. I, section 3b]. Selection rules for special cases have long 
been known for infrared transitions [see Vol. II, p. 415] and to some extent also 
for electronic transitions [see Mulliken and Teller (917)]. Hougen (571) has 
recently derived general selection rules in terms of the new quantum number G 
introduced by him (see Chap. I, section 3b). He finds 

A6r = 0 mod n (II, 71) 

for a molecule with an ?^-fold axis of symmetry. If there is an m-fold rotation- 
reflection axis with m = 2n the selection rule is 


A(9 = mod m. (II, 72) 

We need not go into the operation of these selection rules for 0 in detail since one 
can express them also and perhaps more conveniently in terms of the { + 1) and 
( — 1) levels. Mills (855) has recently derived the selection rules for ( 4 - ^) and ( — 1) 
levels in a very simple and elegant way, but we shall only give the results which 
agree with those obtained by Hougen’s method. 

For the simplest case of an E — Ai (or E — A 2 ) transition the selection 
rules are (as in the infrared) 


Air = 4-1 occurs only for ( 4 - 0 (9) 

Air = — 1 occurs only for ( — ^) -<-> (0). 


Here as usual the upper state is put first. The symbol (0) is used to indicate the 
single level of a given K in the non- degenerate state. The same selection rule 
applies for Ei — Ai and E 1 —A 2 transitions in point groups that distinguish 
El, E 2 , . . . degenerate states. For the inverse transitions ^12 — ^ or 2 — 
the selection rules are 


Air =4-1 occurs only for (0)<— >•( — 0 ...y 

Air = — 1 occurs only for ( 0 )<-->( 4 -O- t ) 

In point groups with an “ even ” axis of symmetry we have E — Bi, E — B 2 , E 2 — Bi 
or E 2 — B 2 transitions. For them the selection rules (11,73) are reversed. 
Similarly for Bi^ 2 -~^: "^he rules (II, 74) are reversed. 

For the H components of E — E transitions of all axial point groups except 
• • • oil® finds the selection rule 

Air = 0: (~^l)<r^(+l) and ( — /I) (-.^) 


(11, 75) 
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while for the point groups ... the opposite selection rule applies, viz. 

NX =1): { + and (-/)<->( + /). (11.76) 

For the ^ components of E — E transitions of the point groups C 3 , Cg/^, Cg^,, 
^ 3/15 ^ 3 d the selection rule” 


AK — 4" 1 1 ( ~ ^ ) ( "h 0 
AX=^1: ( + /)w(_?). 


(II, 77) 


For axial point groups with a more than four-fold axis the selection rule (II, 77) 
holds only for E—E transitions of the same index (Ei—Ei, E 2 — E 2 , . . - ) if such 
transitions can occur with a _L component of the transition moment. For other 
transitions E^ — E^ [i ^ k) the results are given in Table 14 which also contains a 
summary of the selection rules just discussed. 


Table 14. .Selection rules for ( 4- / ) and ( - / ) levels in electronic transitions 

INVOLVING DEGENERATE ELECTRONIC STATES 


Point groups 

Transition 

Selection rules 

Upper Lower 

state state 

I 

II 

4- 

II 

11 

C;j, C4, 

^3i- 1 ) 4^1 

E .4i or A. 

.4i or .4. E 

E Bi or B 2 

Bi ov B 2 E 

E E 

— (-r/)^lU) 

Csj Cq, .... Cs/j, . . . 

Csu’C'ey, . . . . . . 

[D4,p,D5„[Ds,p, . . . 

Ex .4i or *4. 

Ai or .42 Ex 

EA Bx or B 2 

Bx or B 2 E 2 

Ei Ef- 

E. E,,x^ 

— ^ (Ml 

— (0)^(4-/) 

(-e.-.(+n (-rM^(-^) 


a For D2d the selection rule for the !| component of E - E is reversed, i.e. ^l). 

b For point groups with an 8-, 10 - , fold a.vis E2 must be replaced by E^-, Ei, But Dsa which has an 

counts here as a point group with a five-fold axis since D^a = D5 x Ci; there are no B states, 
c For D4 d the selection ruie for E2 - E2, E3 - Ei and Ex - E3 which occur with a I component only is ( -i- 0 +-*■(-/ ), 
(-1) ( + iy, for Dsd the same selection rule applies to E3-E3, E2-Ei, E4-E2, Ei-E^ and Es-Ei. 

di = 1 , 2 , 3 ,.... 


Transitions between non- degenerate states ( |l bands). An allowed elect- 
ronic transition between non-degenerate states of a molecule that is a sjunmetric top 
on account of symmetry, is necessarily a parallel transition, that is, one for which 
only if 3 is different from zero. Therefore all allowed bands in such a band system 
would be II bands obeying the selection rule (II, 65). If the rotational constants 
A and B are not very different in the upper and lower electronic state the band 
structure will be identical with that of || infrared bands as discussed in detail in 


Note that E — E transitions of C4, €4^, €4^, D4,,, have no X components. 
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Volume II, p. 41 6f: we have a band with Si P, Q and R branch with little shading. 
In this band each “line ” consists of a number of component lines with different K 
values {K == 0 , 1 , 2 , . . J* where J* is the smaller of the J values in the upper 
and lower state). For an electronic transition, unlike an infrared band, the rota- 
tional constants in the upper and lower state may be very different from one 
another and, if that happens, the individual sub-bands will no longer reinforce one 
another in the way they do in the infrared; as a consequence, a fairly comp- 
licated structure arises (see Fig. 97). 

As in the infrared (see Vol. II, p. 421) the intensity distribution in an absorp- 
tion band is given by the relation 

where A^j is the line strength, g^j the statistical weight of the lower state, v 
the wavenumber of the line and k Boltzmann’s constant in cm" ^/degree. The 
line strengths are given by the Hdnl-London formulae, as in the infrared, which 
are for a |1 band 

for the R branches (AJ = +1): = 

for the Q branches (AJ = 0): ^kj — 

and 

for the P branches (AJ = — 1 ): A^j = 

Here it may be noted that the Q branch has zero intensity for A = 0, and that in 
all Q branches the intensity decreases rapidly with J. 

As we have seen in Chapter I, for a molecule that is a symmetric top on account 
of symmetry there is an alternation of statistical weights (g^j) ^ function of K 

and therefore there is an alternation of intensities of the sub -bands of different Z; 
for example, for a three-fold axis of S 3 nnmetry (e.g. point groups 
and zero nuclear spin of the off-axis atoms the sub-bands with K ^ Zn are missing 
while for non-zero nuclear spin these sub-bands have lower intensity than the 
sub-bands with K = 3?z. Thus we have, as in the infrared, the characteristic 
alternation: strong, weak, weak, strong, .... If there are only three off-axis atoms 
of nuclear spin J the intensity alternation is in the ratio 2:1; for spin I it is in the 
ratio 11 : 8 . 

For molecules of point groups and there is in addition an intensity 
alternation in J but only in the sub-band with K = 0. For planar XY 3 molecules 
lines with even or odd J are missing in the K = 0 sub-band if the nuclear spin of the 
Y atoms is J = 0 or while there is an intensity alternation in the ratio 10:1 if 
1 = 1 . Whether lines with even or odd J are the preferred ones depends on the 
nature of the electronic or vibronic state and on the nuclear statistics. For example 
for an A 2 — A i transition the even lines (numbered according to the J value of the 
lower A[ state) are strong for Bose statistics (e.g. if the identical nuclei are deu- 
terons) while the odd lines are strong for Fermi statistics and are the only ones 


(J + 1)^ - Z2 
(J -f 1)(2J -f- 1) 

JJTaT) (II, 79) 

J2 - Z2 
J(2J H- 1)* 
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that occur if the three identical nuclei have I = (e.g. are H nuclei). Conversely 

if an intensity alternation in J is observed in a molecule with a three- fold axis it 
establishes immediately that the molecule must have or symmetry in at 
least one of the two combining states, and the sense of the intensity alternation 
gives information about the species of the electronic (or vibronic) states. 


21440 A 



21576 A 


Fig. 96. Spectrograms showing the parallel bands of GD 3 and GH 3 at 2144 A and 
2160 A, respectively. The transition involved is ^*4^ — The R and P branches of the 

CD 3 band are marked (compare Fig. 97). The Q branch forms the head at 2144.0 A. In CH 3 
only two diffuse maxima are visible, corresponding to the R and Q -r P branches. 

Examples of || bands are found in the absorption spectrum of CH 3 and CD 3 . 
In Fig. 96a the 2140 A band of CD 3 is reproduced. Unfortunately the lines are 
somewhat broad on account of predissociation, but the |': structure of the band 
is clearly shovTi. Figure 97 shows diagrammatically the sub-bands and their 
superposition; in particular it shows how on account of the strong intensity alter- 
nation in the K = 0 sub-band a weak intensity alternation in the resulting band 
arises if the molecule is planar in one of the states. Conversely the observations of 
a just detectable intensity alternation in the tail of the P branch and a strong 
alternation at the beginning of the R branch for CD 3 (the line i?(0) is missing or 
very weak in the spectrum Fig. 96a) show unambiguously that the molecule is 
planar in at least one state. That it is planar or nearly planar also in the other 
state then follows from the fact that only one strong band occurs in the band 
system, showing according to the Franck-Condon principle that the molecular 
conformation must be nearly the same in both states. The statement that the 
molecule is planar is meant to include the case in which the molecule is so slightly 
non-planar that the inversion doubling is so large that only one of the component 
levels is observed at room temperature. 

The fact that in the CDg spectrum of Fig. 96a the even lines are observed to be 
weaker than the odd ones shows that the electronic transition is either — ^Az or 
^A'l — ^Aq of which only the former is compatible with the electron configuration of 
the ground state of CH 3 (see Chapter III), 

Another example is the first ultraviolet absorption system of NHg and NDg 
which extends from 2200 to 1700 A. Here also predissociation makes the NHg 
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Fig. 97. Sub-bands of the 2140 A GDg band (schematic). The heights of the lines 
indicate the intensities calculated with the help of the Honl-London formulae. At the bottom 
the superposition of the sub -bands is shown. Only the ii = 0 sub -bands show an intensity 
alternation leading to a very slight alternation of the unresolved lines of the P branch (see 
Fig. 96). Note that in this figure the direction of increasing A is opposite to the normal one. 


bands almost completely diffuse while some of the bands of NDg show a clear fine 
structure. But unlike CHg the ground state of NHg is well known to be non- 
planar (point group and to have electronic species In the excited state, 
however, the molecule is planar and the electronic species is A^. The planarity in 
the excited state follows, just as for CDg, from the fact that alternate lines are very 
weak in the K — 0 sub -bands (intensity alternation 1:10 for NDg). Moreover, in 
successive bands of the main progression, which corresponds to the bending 
vibration V 2 (d 2 ) excited state, alternately the even and odd lines in the K = 0 
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sub-bands are weak since the upper vibrational levels are alternately ^4^ and A'^. 
Correspondingly in the lower state alternately the upper and the lower inversion 
doubling component combines with the upper state (see section2b(a)). IiiFig. 98 a 
spectrogram of the 1—0 band of NDg is shown. Because of the greater difference 
between B\ C' and B'\ C\ the band structure is rather more complicated than for 
CDg (Fig. 96a) and the Q branch instead of forming a line-like feature is fairly widely 
spaced. The lines with J = K, corresponding to the lowest J for a given K, form 
the most prominent series in this Q branch (see also Fig. 97). The beginning of 


-^7284 8 cm-« 



Flu. 9S. Spectrogram of the 1 -0 band of the A~X system of ND3 at 2111 A after 
Douglas ( 294 ). In the Q branch only the lines with J ^ K are marked: all other lines, with 
K < are much weaker. Only for the higher lines in the P branch is the K structure well 
df'velopcd as indicated. The strongest lines in the R and P branches are those with K = 0. 
The corresponding band of NH3 is much more diffuse on account of predissociation. 


the R branch is relatively free from blending and shows clearly that i?(0) is very 
weak as is the AT = 0 component of jR(2), showing that the upper state is vibronic- 
ally A I as expected for an A 2 electronic state with one ejuantum of an vibration 
excited. 

The two examples just discussed are spectra of oblate symmetric tops. No 
resolved || bands of prolate tops have yet been observed. For a calculated band 
structure in such a case with a large difference between A' — B' and A" — B" see 
Volume II, Fig. 122c, p. 418. 

The rotational constants B' and B” can be determined from the sub- bands of j| 
bands in exactly the same way as for linear molecules. Even if the sub -bands are 
not resolved as for CDg a determination of B' and B" is possible although the values 
obtained are apt to be much less accurate since they are affected by the fact that 
the unresolved K structure is different for the lower J values than for the higher 
ones. If the K structure is only partially resolved (as for NDg in Fig. 98) and if 
the ground state rotational constants are knovm, it is best to evaluate the upper 
state energies by adding the ground state rotational energy to the wavenumber 
of each line and then determine the upper state rotational constants by plotting 
the upper state energies against for a given J and against /(J + 1) for each K. 
The constants A' and A" (or G' and G”) cannot be determined from a 1| band of a 
prolate (or oblate) symmetric top; only their difference {A’ —A") can be determined 
if the K structure is resolved. 
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Fig. 99. Calculated structure of a JL band when B' ^ B'\ A' A". In the upper 
part seven sub-bands are shown separately. At bottom the sub -bands are superimposed. 
The Q branches in which many lines coincide are shown as black rectangles. The height of 
these rectangles and of the lines representing the P and R branches indicate the intensities. 
No intensity alternation is indicated. 


Transitions between a degenerate and a non-degenerate state (_!_ 
bands). For transitions between a degenerate and a non-degenerate electronic 
state the transition moment is at right angles to the symmetry axis all allowed 
vibrational transitions are J_ bands for which the selection rule (II, 66) for K and 
J and the selection rules (II, 73 and 74) for the ( + 0 ( — 0 levels apply (see also 

Table 14). 

The band structure obtained by applying the selection rules is identical with 
that of perpendicular bands in the infrared (see Vol. II, p. 428), except that B' and 
B" as well as A' and A" may now be very different. In Fig. 36 we have already 
given an energy level diagram for such a transition for a DQ;^ molecule. The 
transitions according to the selection rules (II, 66 and 73) are indicated by the 
oblique arrows. The resulting sub-bands (each with F, Q and R branch in J) 
form two branches, r and p, as shown schematically in Fig. 99 (see also Fig. 128 of 
VoL I). We have for the origins (J = 0) of the r sub-bands using (I, 117) for the 
upper state and (I, 102) for the lower state and taking account of the selection 
rule for the ( + ?) and ( — 1) levels 

v? = Vo + F'[0, B + 1, ( + 1)] - F"(0, 

= vo + (A' - B^)(K + 1)2 - 2A'aK + 1) - (A" - B")K^ 

= Vo + [A'(l - 20 - B'] + 2[^'(1 ^ 0 - B']K 
+ [(A' - B') - (A" ~ J50]Z2 


( 11 , 80 ) 
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and for the origins of the sub-bands 

V? = Vo + r[Q, K-l, i-l)] - F"{0, K); 

= Vo + (.4' - B')(K - 1)2 4- 2A'UK - 1) - (.4" - 
= Vo + [A'il - 2J) - B'] - 2[A'(l Q - B']K (II, 81) 

-f [{A' - B‘) - (A" - B")]K^. 

Since K = 0, 1, 2, . . . for the r branch and K = 1, 2, 3, . . , for the p branch 
it is clear that one has a single series of sub-bands without a zero gap. Super- 
ficially this is similar to the structure of a || band. However, while in the latter, 
when there is no change of geometry (.4' = A", B' — B"), all sub-bands coincide, 
in a JL band a series of equidistant sub- bands arises with a separation 
2[^(1 — — B]. An even more important difference is that in a J_ band there 

are always two sub-bands for each K value except K = 0, and this can be ascer- 
tained, if the sub-bands are resolved, by the number of missing lines near the 
origins of the sub-bands, since J > K. At the same time there are combination 
differences Vj.(A") — Vp(K) and v^(K — 1) — Vp(K -f 1) which must be exactly the 
same in different bands with the same upper and lower state respectively. Such 
differences, of course, do not exist in 1| bands. Thus while it is quite possible that 
an electronic || band may have a similar coarse structure to that of a J_ band since 
in electronic bands A\ B' and A\ B" may be ver}" different, a decision about the 
true nature of a given band is in principle always possible. 

In electronic bands with a degenerate upper (or lower) state the quantity ^ 
in (II, 80 and 81) is the electronic or the vibronic angular momentum (.see Chap. I, 
section 2). If for the present we consider only the case of very weak vibronic 
interaction we have simply [see eq. (I, 67)] 

l?l = |Ce±g. (11.82) 

For the sign of which is important in evaluating (II, 80 and 81), see p.64. The 
second term in (II, 82) vanishes if no degenerate vibrations are excited. In 
absorption this condition is fulfilled for all the strong bands of an ahowed electronic 
transition since, as we have seen, almost exclusively the totaUy s}nnmetric vibra- 
tions are excited. Thus for the strong bands the band structure is determined by 
Jg, and if, as is often the case, is close to 1 the spacing 2[A(1 — Q — B] of the 
sub -bands is small or in other words the J_ band will look like a |i band, even if 
there is no change of geometry. The inherent reason for this conclusion is simply 
that the electrons do not contribute to the rotational energy but do contribute to 
the angular momentum about the symmetry axis : almost all of NK = + 1 is 
provided by the electrons. 

If ^ is small the spacing 2[A(1 — Q — B] of the sub-bands is positive for pro- 
late and negative for oblate symmetric tops, that is, in the prolate case the r 
sub-bands are on the shortward side of the band origin, the p sub-bands on the 
longward side, while in the oblate case this order is reversed. But even in the 
prolate case such a reversal may arise when ^ is close to 1. 
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The intensity distribution in the rotational fine structure, as for the || bands 
is determined by the Honl-London formulae which are here 

for the B branches (AJ = +1): A^j = 

for the Q branches (A/ = 0) ; Akj = ^ (II, 83b) 

for the P branches (A J = -1): Aj^, = — ^ (II, 83o) 

where the upper sign refers to the r sub-bands (AiC = +1), the lower to the p sub- 

bands (AZ = - 1). For Z = 0 and AZ = + 1 the values given by (II, 83a) have 
to be multiplied by 2. A graphical representation of the intensities is given in 
Fig. 99 (see also Fig. 128 of VoL II). It should be noted that according to (II, 83) 
the R branches of the r sub-bands gain increasingly in intensity over the P brandies 
as Z increases while the P branches gain over the R branches in the p sub- bands. 
As long as the spacing 2[A(1 — 0“^] is positive this means that strong and 
’■p branches are present in the longward and shortward wings of the bands while 
when 2[A(1 “ 0 i® negative they crowd into the centre of the band and only 
the much weaker ^P and branches are in the wings. 

The intensity distribution in the bands is further governed by the statistical 
weights [see eq. (II, 78)]. The alternation of weights as a function of Z is much 
more obvious in J_ bands than in || bands since the Q branches of the sub- bands are 
in general well separated. The alternation of in J for Dg,^, . . . molecules 

will cause an intensity alternation only in the 1—0 and 0 — 1 sub-bands. 

Thus far we have disregarded j-type (or ^type) doubling (p. 94), that is, 
the splitting between Ai and A 2 rotational levels of equal J and Z. As we have 
seen in Chapter I this splitting has in general both an electronic and a vibrational 
component which for large vibronic interaction cannot be separated. For small 
interaction, when no degenerate vibration is excited the splitting is mainly elec- 
tronic in origin. At any rate whether electronic or vibrational in origin it is 
appreciable only for the ( H-j) [or ( + 1)] levels of Z = 1 in the degenerate electronic 
state. As shown by Fig, 36 this splitting enters only into the r sub-band with 
Z = 0. Because of the symmetry selection rules (II, 69 and 70) the level splitting 
does not lead to a line splitting but only to a combination defect between P, R and 
Q branches of this sub-band, the Q lines having one component level, the P and R 
lines the other as their upper states. For planar XYg molecules (point group 
if the nuclear spin of the Y atoms / = 0 only the A^ rotational levels exist, 
for / = -I only the A 2 levels, and therefore alternate lines are missing in the 
three branches of the I — 0 sub -band; no such alternation exists in any of the other 
sub-bands. For an E' — A[ transition as in Fig. 36, if J = J (as for example in 
CHg, NHg, . . .) the even lines are missing in the P, Q, R branches of the I-O 
sub-band. For an Z"— A 2 transition (obtained from Fig. 36 by interchanging ' 
and " throughout and, in the lower state, interchanging the subscripts 1 and 2) 
the odd lines would be missing if / = 
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If the XY3 molecule is non-planar in the lower state the A[ and A 2 vibrational 
levels will move together in pairs (see Fig. 67) but only one of them will combine 
with a given upper vibronic level, saj" E' if the molecule is planar in the upper 
electronic state. There will now be a long progression of bands in the out-of- 
plane bending vibration 1^2 (U2). The upper vibronic levels are alternately E' and 
E'’ and therefore combine alternately with the lower or upper inversion com- 
ponent of the ground state as in Fig. 67. Since alternate bands are of type 

E'-A[ and E^' — Al there will be a characteristic alternation of the intensity 

alternation: for even V 2 the even lines, for odd ftie odd lines are missing in the 
1—0 sub-bands assuming that the upper state is electronically E'. The reverse 
alternation applies for an electronic E" state. 

The rotational constants B and D for the upper and lower state of a J_ band 
can be obtained from each sub- band in the same way as for linear and diatomic- 
molecules except that a slight variation of the resulting effective B values with K 
may occur on account of the presence of a term in We have for the upper 

state using (I, 102) with the additional term (I, 116) 

R(J, K) - P{J. K) = A^FV. ^') 

= F'lJ + 1,K\(±I)] - F'[J - 1. K\ (±!)] 

= MB' - iD'j - D'^K'^){J -f 1) - SD'iJ -f if (IT 84) 

where K' = K ±i depending on whether an r or p sub-band is considered. An 
entirely similar relation holds for the lower state combination difference 

R(J - 1, K) - P(J -h 1, K) = A^FV. Ab. 

Thus, neglecting the very small Dj terms, one obtains initially the quantities 
B — BjkE^ (two for each K value except K = 0, one from the r sub-band and 
one from the corresponding p sub-band). If these quantities are plotted against 
one obtains Dj^ from the slope of the resulting straight line and B from the 
intercept at F = 0. Figure 100 shows such a plot for the v '2 = 2 level of the 
upper state of the E" — A^ bands of NHg (see below). 

Just as from J_ bands in the infrared, it is not possible to determine the 
constants A', A" and from J_ bands in the ultraviolet. This is because there 
are no p and r sub-bands that have upper states in common (see Fig. 36). Only 
if one of the three quantities A', A", I,' is knovm from other evidence, for example 
if A" is known from the infrared and Raman spectrum, can the other two be 
determined. It is easily seen that the combination differences between sub- band 
origins (J = 0) are given by (remembering the selection rule for (-fZ) and { — 1) 
levels) 

v^r{K) - v%K) = F[0, F + 1, i + l)] - F'[0, F - 1, (-Z)] 

= 4[A^ - B']K - + I) - 4:A'l'K, {II, 85a) 

v?(F - 1) - v?(F + I) = F"(0, F + 1) - F"(0, F - 1) - 4:A'C'K 

= 4[^" - B"]K - 8D'^K{K^ + I) - 4.4'^^- (H, 85b) 

For J ^ 0 the term + 1) must be added in the square bracket at the 
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Fig. 100. Observed effective B values as a function of 
for the Va = 2 level of the CE" state of NHg. The circles corres- 
pond to the slopes of the A 2 F'( J, K') curves according to eq. (II, 84), 


10 20 30 

right. If the rotational constants in the lower state are known the second, 
equation allows one to determine A'l^ and with that the first equation yields 
A' — B' and DJj-. 

If, as seems to happen fairly frequently, the Coriolis interaction is strong, the 
splitting of the ( + 1) and { — 1) levels is no longer given by the simple expression 
4:A%'K but the additional term (1, 130) has to be considered. It is the actual 
splitting that is determined from (II, 85b) and must be substituted into (II, 85a) 
in order to determine the rotational constants of the upper state. 

An alternative way of determining the rotational constants of the upper 
state, which is particularly suitable when the various branches have not all been 
observed to the same degree of completeness, is simply to add to each of the 
observed lines the appropriate rotational term values of the lower state if they are 
known from the infrared, Raman or microwave data. In this way the rotational 
term values of the upper state are obtained and can then be expressed in terms of 
the rotational constants A', B', f', DJj., Djk, D'j. 

A fully resolved system of perpendicular bands of the E-A type is the 
1600 A absorption system of NHg studied by Douglas and Hollas (295). The 
lower state is a state in which the molecule is non-planar, the upper state is an 
E" state in which the molecule is planar. The main progression is one in the 
out-of plane bending vibration vg- The proof for the planarity of the molecule in 
the excited state follows easily by applying the preceding discussion: the r sub- 
bands with K' = 1, K" — 0, unlike the other sub-bands, have alternate lines 
missing in the J structure and the lines that are present have alternately even and 
odd J in successive bands of the main progression. The fact that for the 0-0 
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band the even lines are present shows that the upper state is E" and not E\ The 
alternation in successive bands shows that the vibration that is excited must be 
antisymmetric with respect to the plane of the molecule (species Figure 101 
shows a spectrogram of one of the bands of this system. Only the two sub-bands 
with K" = 3 are marked. It is seen how in this case since the molecule is an 
oblate symmetric top the strong branches of the sub-bands are all crowded into tlie 
center of the band. The characteristic intensity alternation: strong, weak, weak, 
strong, ... of the sub-bands is present but not readily discernible because the Q 
branches are not line-like, and are rather close together. The value of ? in the 
excited state is about 0.88 (for tJg = 0). The j-type doubling in the K' = 1 levels 
is very pronounced leading to a large discrepancy between the positions of the § 
lines as calculated from the P and R hnes and the actual positions of the Q lines. 
The j-type doubling decreases rapidly in the higher vibrational levels {q = 0.758 
for V 2 = ^ and q = 0.170 for = 8). 

An example of a band system consisting of pseudo- parallel bands which are 
actually perpendicular bands is provided by the B-X and C-S absorption 
systems of CHgl near 2000 and 1800 A respectively. The main bands of these 
systems consist of very narrow strong absorption peaks giving the impression of 
unresolved |1 bands; but from a consideration of the electron configurations and of 
the structure of some of the weaker bands it follows that the upper states are E 
states, that is, that the bands are really 1 bands whose sub-bands are telescoped 
together since le ^ [see Chap. V, section (3)]. The corresponding bands of 
CFgl are quite similar. 

In most of the preceding discussion we have used E~A transitions of C3, 
or Dsh molecules as examples (see Fig. 36). For other point groups E- A transi- 
tions are entirely similar except that the over-all (rovibronic) species of the 
rotational levels are different. Therefore the band structure differs from bands of 
C3, or Dgn molecules only by the intensity alternation (see Table 4, p. 94). For 
example, for XY4 molecules (point group or if the nuclear spin of Y is 
zero only sub-bands with X = 0, 4, 8 , . . . occur while for non-zero nuclear spin ail 


Fig 101 Spectrogram of the 3-0 band of the 5- X system of NH 3 at 1613 A ^er 
Douglas and Hollas^ (295). Only two sub-bands with A- = 3 and X = 2 and 4 are 
marked. 
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sub-bands occur but with intensities which for I — \ are 4, 3, 6, 3, 4, . . . for 
K = 0, 1, 2, 3, 4, . . . respectively. Similarly for a molecule like CgHq with a 
six-fold axis the intensities would be 10, 11, 9, 14, 9, 11, 10, . . . for K = 0, 1, 2, 3, 
4, 5, 6 , ... . No examples of electronic bands have been sufficiently resolved to 
exhibit these alternations. 

Thus far we have assumed that the vibronic interaction in the degenerate 
electronic state (i.e. the Jahn-Teller effect) is very small. If this interaction is no 
longer negligible certain vibronic transitions may occur which are forbidden by 
(II, 31) in the absence of this interaction, e.g. the 1 — 0 and 0 — 1 bands correspond- 
ing to a degenerate vibration (v;,.). These transitions could have both || and _L 
components (see Fig. 61) but only the J_ components will appear with appreciable 
intensity since they can ‘‘borrow” intensity from the main J_ bands. Thus the 
band structure of these 1—0 and 0 — 1 bands is of the J_ tyi3e but differs from that 
of the main bands because the effective I is different, as was first shown for CH3I 
by Mulliken and Teller (917). 

In the E vibronic sub-level of the = I state, as we have seen in Chapter I, 
for small vibronic interaction 


-(C + Q. (11,86) 

Therefore the spacing of the sub-bands will be (assuming B' ^ B\ A' A") 

2[^(1 + c; + Q - B] 

rather than 2[^(1 — J^) — jB] for the main bands. In other words if 1 and 
^ the spacing of the sub-bands is more than twice the spacing in correspond- 
ing infrared bands and many times that in the main bands. The same conclusion 
applies to the 0 — 1 band in the degenerate vibration; for this band both upper and 
lower state are degenerate, i.e. have a non-zero $ value, in the upper and ^ 
in the lower state. As we shall see below, the spacing of the sub-bands is now 
(again assuming B' ^ B", A' ^ A") 

2[A{1 + C + Q “ B]. 

For comparison it is interesting to note that in the E — E component of the 1 — 1 
band (which is an allowed vibrational transition), as we shall see below, the spacing 
is 

2[A{1 ~ Ce-C + O - Bl 

that is, similar to that in the main bands. 

Striking examples of perpendicular bands with a wide spacing of the sub-bands 
have been observed for CH3I by Scheibe, Povenz and Linstrom (1102) and Henrici 
and Grieneisen (505), and their correct interpretation was first found by Mulliken 
and Teller (917). Figure 102 reproduces a section of the CH.3I spectrum showing 
both three narrow main bands and three of the J_ bands with wide spacing and a 
clear intensity alternation: strong, weak, weak, strong, .... The broad “lines” 
are the unresolved Q branches of the JL band. The rotational constants A and B 
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are nearly the same in the upper and lower state so that all the lines in a given Q 
branch nearly coincide and so that there is very little convergence in the series of 
Q branches. The spacing of the Q branches in two of the bands is about 20 cm ~ 
almost three times the spacing in the infrared band ve(e). The vibration v'q is ex- 
cited in the band at 1978 A shown in Fig. 102. If the upper electronic state were 
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Fig. 102. Absorption spectrum of GH 3 I between 2020 and 1955 A showing bands 
with narrow and wide K structure [after Dunn and Herzberg (326)]. All but one of the 

bands shown belong to the C—X system (see Chapter V, section 3b). All bands are _ bands 
(of vibronic type E-Ai), but three are unresolved because 4ff ^ b while two show a large 
spacing of the Q branches because ^eff ~ — ^tit- 

an A I state as was suggested by the apparent || t}"pe structure of the main hands 
(see Fig. 102) a spacing of 20 cm" ^ could not be accounted for; but if the upper state 
is an E state and then both the appearance of the main bands and the spacing 
in the bands with fine structure can be understood immediately. The correspond- 
ing 0 - 1 band has also been observed; it has a similar structure but is not shown in 
Fig. 102. From it, since the ground state values of A", are known, one 

obtains directly (no longer neglecting the difference bet^veen A' and .4", B' and 
B”) Aq = 4.78 cm”^ and ~ O.OGq (close to 1, as expected), and with these values 
one obtains from the 1—0 band A[ = 4.75 cm"^ and fg = 0.34. 

Two very similar bands have been observed recently in the corresponding 
band system of CF 3 I [Herzberg (523)]. They also sho^v the characteristic intensity 
alternation®’^. 

For large vibronic interaction the formula (II, 86) for $ has to be replaced by 
(I, 68) or its analogue in more general cases. In addition, the equilibrium conforma- 
tion in the E state shifts more and more a’way from the symmetrical one and 
therefore asymmetry effects will arise. The detailed nature of these effects has 
not yet been discussed; nor has any spectrum of this type been found and analyzed. 


See footnote p. 167. 
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Transitions between two degenerate states. When both the upper and 
lower electronic state is degenerate, the transition moment for some point groups 
(e.g. can be both || and _L to the symmetry axis (see Table 9), that is, we have 
in general hybrid bands; in other point groups (e.g. Dq;J only either a || 

or a _L component arises. E — E vibronic transitions in A— A or E — A electronic 
transitions are similar and are included in the following discussion. 

Because of the presence of first order Coriolis splitting in upper and lower 
state both the || and the JL components of SiuE — E transition differ from ordinary 
II and _L bands. Figure 103a gives an energy level diagram for an E' — E" transi- 
tion of a molecule which has only a 1| component. The same diagram repre- 
sents the II component of an E — E transition of a Cg^ molecule if ' and " are 
omitted throughout. It is seen from this diagram how the Coriolis splitting in the 
upper and lower state causes a splitting of each sub -band with K > 0 into two 
(not four) components, one corresponding to the ( + 1) levels, the other correspond- 
ing to the ( — 1) levels. The two other conceivable components are excluded by the 
selection rule (11, 75). 

From the energy formula (I, 117) we obtain for the sub -band origins 

vj = Vo + 2{A%' - A''l")K 4- [(A' - A") - (B' ^ (II, 87) 

The magnitude of the splitting is 4(A'^' — A"^")X which may be considerable if 
the Coriolis interaction is different in the upper and lower state. Each sub-band 
consists of a R,Q and R branch corresponding to AJ — —1,0, and + 1 . However, 
in the ( + 1), K = 1 sub-band a splitting of each branch, increasing with J(J + 1) 
arises on account of I- or j-type doubling, i.e. on account of the splitting between 
the A I and Aq sub-levels. Here we must apply the selection rule (II, 70) for the 
over-all species. As a result only two (not four) branches of each type arise just as 
in n — n or A — n bands of linear molecules. The line splitting is the difference 
of the level splittings in the upper and lower state [given by (I, 126)] for the Q 
lines and the sum of the level splittings for the R and P lines. The reverse would 
be the case for a Cg^ molecule since here the ro vibronic selection rule is (II, 69). 
In principle there would be similar splittings in the ( — 1), K = 2; ( + 1), K = 4, 
etc. sub-bands but this splitting is always negligibly small. 

For and similar molecules with a plane of symmetry perpendicular to the 
three- or higher-fold axis an intensity alternation arises in the individual branches 
of the sub-band [4-1), K ~ 1 since the levels Ai and A 2 have different statistical 
weights depending on the nuclear spin of the identical nuclei. But the alternation 
is opposite in the two branches of each pair arising from 2-type doubling so that no 
intensity alternation will be noticeable unless the 2-type doubling is resolved. 
If alternate lines are missing the apparent single branch resulting from the two 
components of a pair will show “staggering” similar to that in 11 — H bands of 
symmetric linear molecules with zero nuclear spin. The magnitude of the 
intensity alternation depends in the same way on the number and spin of identical 
nuclei as in the previous discussion on the iT = 0 sub-bands of A— A transitions 
(p. 226). 
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For the _L component oid^nE — E electronic (or vibronic) transition of mole- 
cules of point groups C3, Csy, the selection rule (II, 77) applies to the 

( + 0 { — 1) levels and as a result, just as for an ^ ^ band only two branches 

of sub-bands, r and p, arise; there is no doubling of the number of sub-bands. For 
molecules, E'~E' and E"-~E" transitions have only _L components while 
E' — E" transitions have only || components. In Fig. 103b the transitions possible 
on the basis of the selection rule (II, 77) are shown for an E' — E' transition (for an 
E" — E" transition one would simply have to exchange all primes and double 
primes). The same figure can also be used for E~E transitions of molecules 
and for E^-Eg (or Eg-EJ transitions of molecules if all primes and double 
primes are omitted and, for u and g added to the rovibronic species symbols. 
For both and there is a || component for the same electronic transition 
(see Fig. 103a). 

From the energy formula (I, 117) we obtain for the r sub-bands® assuming a 
prolate symmetric top and taking account of the selection rule (II. 77) 

V? = Vo + [^'(1 + 2^) - B^] + 2[A\l + D + ~ B']K 

+ [(A' - B') - {A" - B")]K^ (II, 88) 

and for the p sub -bands 

V® = Vo + [^^1 + 2^) - B'] - 2[^'(1 + n + A"C" - B']K 

-h [(A' - B') - (A" - B")]K\ (II, 89) 

Here and I" are the effective J values which for sm E — E electronic transition 
when no degenerate vibrations are excited are simply and If the rotational 
constants A and B in the upper and lower state are nearly the same, we see that the 
spacing of successive sub-bands is 2[A{\ -f $' + C) — -S] which may be compared 
with 2[^(1 - tj) ~ 5] for an ordinary (E — A) band. If I' == and = 
and if both are close to 1 the spacing of the sub-bands will be about 6^4 — 2B. 
The similarity between the formulae (II, 88 and 89) and (II, 87) for the J_ and 
II component of an ^ — ^ transition may be noted. The linear term is in general 
much smaller for the || component as long as 1' and have the same sign. The 
K = 0 sub -bands of the two components are separated by A'[\ + 2^') — B' , 
and that of the || component has no Q branch. 

For an oblate symmetric top the same formulae (II, 87, 88 and 89) apply HA' 
and A" are replaced by O' and G" respectively. For axial point groups with 
four-fold axes (C4, Qy, D^j^) E—E transitions do not have J_ components. 
For axial point groups with more than four-fold axes we must take account of the 
different {±1) selection rules given in Table 14. For transitions between E states 
of different index {Ei~-E 2 , Eq — Eq, . . .) these selection rules lead to certain changes 
of sign in the terms in ^ in eqs. (II, 88 and 89). 

In the fine structure of the sub -bands of the J_ component of an E—E 
transition just as in the || component we have single P, Q, R branches except in the 

^ It should be noted that in the similar formulae for infrared bands reproduced in Volume 
II, p. 433, the sign in front of A"^" is incorrectly given. 
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sub-bands involving K' = 1 or Z" = 1, that is, in the 1 - 2 and 2-1 sub-bands. 
Because of the I- orftype doubling in the K = 1 levels the lines in these sub-bands 
are doubled. Again we must apply the rovibronic selection rule (see p. 223f) to 
establish which sub-levels combine and again each of the sub-branches shows an 
intensity alternation (or alternate missing lines). Since the /-type doubling in the 
K = 2 levels is in general negligible the line-doublings in the 1 — 2 and 2 — 1 
sub-bands give directly the Z-type splittings ofK = 1 in the upper and lower state 
respectively. 

No examples of E — E electronic transitions have as yet been sufficientlv 
resolved to test all the predictions in the preceding paragraphs. However, as 
already mentioned, in CH 3 I a 0 — 1 band in a degenerate vibration (vg) has been 
observed in an E — Ai electronic transition. This vibronic transition is of the 
E — E type and since the electronic transition is E — only the J_ component is 
expected with a spacing of sub-bands of 2[A{1 A Ce + C) - Indeed the 
observed band has a spacing more than twice that in the corresponding infrared 
band (see also Chap. V, section 3b). 

Multiplet transitions. If the two electronic states involved in a tran- 
sition are not singlets, as has been assumed thus far, but doublets, triplets or 
higher multiplets, line splittings are expected just as for linear and diatomic 
molecules. As discussed in Chapter I, section 3b, the level splittings produced 
by spin-orbit interaction are small for all non -degenerate states. They are 
expected to be much larger for degenerate states but have not yet been discussed 
in detail. 

As we have seen in Chapter I, for small spin-orbit coupling the levels are 
classified by a quantum number N representing the total angular momentum apart 
from spin which assumes the role that J has for singlet states while J represents 
now the total angular momentum including spin. For N we have as for linear 
molecules the selection rule 

AA^ = 0, ±1. (11,90) 

As a result the band structure is the same as for singlet — singlet transitions as long 
as the spin splittings are small. The fine structure levels then combine according 
to the rule 

AJ = 0, ± I 

together with the various symmetry rules. Since up to now no doublet — doublet , 
triplet —triplet, . . . transitions of symmetric top molecules have been sufficiently 
well resolved for a fine structure analysis, we shall not consider the multiplet 
structure in more detail. 

Forbidden transitions. In forbidden electronic transitions occurring on 
account of vibronic interactions certain vibrational transitions may occur weakly 
if they are in accordance with the vibronic selection rules. Similarly in allowed 
electronic transitions forbidden vibrational components may occur weakly if the 
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vibronic selection rules are satisfied. The structure of these bands is entirely 
determined by the vibronic species of the upper and lower state; for example an 
A 2 — A[ vibronic transition in an E"~-A[ forbidden electronic transition of point 
group has the structure of an A 2 — A { electronic band as described above; an 
E—Ai vibronic transition in an Ai~"Ai electronic transition of point group 
has the same rotational structure as an E — Ai electronic transition; and similarly 
in other cases, except of course that the ^ values are different. A well-known 
example are the near ultraviolet absorption bands of CqRq which represent a 
B 2 u — Aig (forbidden) electronic transition. All the principal bands correspond to 
single excitation of viQ{e 2 g) either in the upper or the lower state. They are there- 
fore of type — or B 2 U — E 29 s-nd differ from allowed purely electronic 
transitions of this type mainly in that the Coriolis ^’s are entirely of vibrational 
origin. But since the excited state is a B state, ^eff. formulae for the sub- 

band origins must be put equal to ~ri8 for the 1 — 0 and -f for the 0 — 1 bands. 
There are weaker bands corresponding to sequences in as well as combinations 
of several degenerate vibrations of the required species. The ^ values in these 
eases have been discussed by Callomon, Dunn and Mills (176) who have performed 
a partial rotational analysis of the CgHe and CgDe bands on this basis. 

In forbidden electronic transitions produced by (weak) spin-orbit interaction 
the selection rules for K and N are changed, as has recently been recognized by 
Hougen (574) [see also Herzberg (523)]. Just as for linear (and diatomic) molecules 
spin-orbit interaction can mix states differing in A by A/S, so in symmetric top 
molecules it can mix states differing in K by A/S'. For example in a triplet state a 
level with given K can mix with K \,K and — 1 of a neighboring singlet state. 
For that reason in a triplet — singlet transition the selection rule for K is 

^K = 0, ±1, ±2. (11,91) 

For similar reasons the selection rule for N is 

AA = 0, ±1, ±2 (11,92) 

while of course the selection rule for J remains the same as usual [AJ = 0, ± 1] 

As a result of (II, 91), in the most general case a given vibrational transition of 
a triplet— singlet electronic transition would have five branches of sub-bands 
corresponding to the five AA values. But usually, for reasons of symmetry, not 
all five can occur. As one can readily see by considering the selection rule for the 
ro vibronic species (which are the same for each set of levels of given N and A), for 
example, for a ^Ai — '^Ai transition of or — of Dg^ only AA = 0 is 
possible. On the other hand for a ^E — ^A^ transition of as well as ®JS7' — ^A'l of 
Dg^ both AZ = +1 and AZ = ±2 can occur. For ^E — ^E transitions of Cg^ 
aU five values of AZ are possible, while, for a ^E" — ^E' (or ^E' — ^E") transition of 

only AZ = 0 and ± 2 are possible, for ^E' — ^E' (or ^E" r- ^E") only AZ = ±1. 

® For the corresponding selection rules for quartet — doublet transitions see footnote 6, 
p. 221. 
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In all these examples the selection ride for the ( + (“0 levels is the same as for 

corresponding singlet - singlet transitions if AZ = 0 or ±1. But the \K = ±2 
transitions have the opposite (-j-Z), (-Z) selection rule. 

No example of a triplet - singlet transition in a genuine symmetric top mole- 
cule has as yet been fully analyzed although the CH3I system previously dis- 
cussed in all probability represents one triplet component of a — transition 
(see p. 529). For examples among nearly symmetric tops see below. 

The band structure in forbidden transitions occurring because of magnetic 
dipole radiation is entirely similar to that of ordinary allowed electric dipole 
transitions (just as for linear molecules). This is because the selection rules for 
J and K are the same while the selection rule for the rovibronic species is changed 
{Ai <”> Ai instead of Ai 4-^ A 2 for just as is that for the electronic 
species. 

Finally forbidden transitions caused by Coriolis interaction (i.e. by rovibronic 
interaction) must be mentioned. With increasing rotation vibronic levels that 
differ by the species of a rotation can mix and as a consequence if a suitable third 
vibronic state is close to the upper or lower state of a forbidden transition this 
transition will occur weakly for higher J or K values. For example, an Ai —A 2 
electronic (or vibronic) transition in a C3J, molecule which is forbidden by the 
electric dipole selection rules can yet occur weakly with increasing K since rotation 
about the top axis is of species A 2 and can mix the A 2 vibronic state with a nearby 
Ai state and therefore the A 1 —A 2 transition can “borrow’’ intensity from the 
Ai~Ai transition. The mixing occurs for rotational levels of the .same J and the 
same rovibronic species and the rovibronic selection rules are the same as for 
allowed transitions. 

No examples of magnetic dipole or Coriolis induced transitions have as yet 
been found for genuine symmetric top molecules. 


(c) Spherical top molecules 

For a spherical top all three moments of inertia are equal and therefore in a 
first approximation the energy formula is very simple, and in fact identical with 
that of a linear molecule (see eq. I, 131). Naturally in this approximation a very 
simple band structure would arise. The actual band structure is greatly compli- 
cated by Coriolis interactions. We shall consider here only an F 2 — A^ electronic 
transition of a (tetrahedral) molecule, the only type of transition that is allowed 
in absorption from a totally symmetric {A A ground state (see Table 9). 

We shall disregard for the present considerations the effect of Jalm-Teller 
instability on the rotational energy levels. As we have seen in Chapter I, section 
3c, first order Coriolis interaction spHts the rotational levels of the F 2 state into 
three sets F 2 ^"^\J), and Fz^^^J) whose energies are given by eq. (I, 136). 

Just as for the infrared spectrum (see Vol. II, p. 453) there is a selection rule for 
the Fz^^^, F 2 ^~^ levels somewhat analogous to the selection rule for ( + 1), 
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( — Z) levels for symmetric top molecules. Teller (1196) showed that only the 
following transitions can occur 

F 2 ^~^ — Ax for a J = +1, 

for AJ = 0, (II, 93 ) 

forAJ=~l. 

Thus instead of three branches of each type there is only one P, one Q and one R 
branch. Formulae for these branches have been given in Volume II, p. 454. If 
the rotational constants in the upper and lower state are nearly the same the Q 
branch will be line-like while the P and R branches will consist of nearly equi- 
distant lines with a spacing 2P(1 — Q. The Coriolis parameter ^ is similar to that 
for symmetric top molecules (see p. 230f). 

If finer effects of Coriolis interaction are taken into account each rotational 
level is split into a number of component levels which can be characterized by 
over-all (rovibronic) species designations Ai, A 2 , E, F^, P 2 (see Fig. 38). The 
transitions between these levels are determined by the selection rule that the 
product of the rovibronic species must contain the species A 2 [see Hougen (573)] 
that is, that 

A I < — > A2i F •<— > E, Fi F 2‘ (II, 94) 

Since no electronic bands with discrete fine structure of any spherical top 
molecule have yet been resolved we shall not discuss the expected structure further 
but merely refer to three recent analyses of similar infrared bands by Hecht (485), 
Herranz (513) and Fox (395). The difference in notation for the rovibronic species 
in these papers from that used here (see p. 101) should be noted^°. 

(d) Asymmetric top molecules 

It remains to discuss the rotational structure of electronic transitions between 
two states in both of which the molecule is an asymmetric top. 

(a) General selection rules 

For the asymmetric top as for all other atomic systems we have the selection 

rule 

A/ = 0, + 1 {with the restriction J = 0 <-i-> J = 0). (II, 95) 

For multiplet states with small multiplet splitting when N is the total angular 
momentum apart from spin we have in addition 

AV = 0, ±1. (11,96) 

This selection rule replaces the first when the multiplet splitting is negligibly 
small. 

As we have seen in Chapter I, section 3d, for every value of J (or N) there are 
in a given vibronic state of an asymmetric top 2J + 1 (or 2N + 1) distinct rota- 
tional levels. Even if the molecule has no symmetry there are additional restric- 

la the notation used by the authors mentioned the rovibronic selection rule cannot be 
stated in such a simple way as in (II, 94). 
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tions for the combinations of the levels of a given J value of one electronic state 
with those of a given J value of another electronic state. These restrictions are 

related to the symmetry properties + + , + - , - + , of the asymmetric top 

rotational eigenfunctions (see p. 109). The as}Tnmetric top species are rigorously 
defined as long as rotation can be separated from vibronic motion and are for most 
purposes sufficiently w^ell defined even if the interaction of rotation and vibronic 
motion is not vanishingly small. We have then, just as for infrared spectra, the 
following selection rules: 

If the transition moment is in the direction of the axis of smallest moment of 
inertia [a-axis] only the transitions 

_j — [_ — 1 _ and H — <— > (II, 97) 

can occur. If the transition moment is in the direction of the h-axis onl 3 ' the 
transitions 

+ + 4-^ and — h (II, 98) 

can occur and if the transition moment is in the direction of the c-axis onl^^ the 
transitions 

H — H — and — I- < — > (II, 99) 

can occur. If the transition moment does not lie in the direction of one of the 
principal axes the allowed transitions depend on which components of the transi- 
tion moment are different from zero. But even in the most general ease when all 
three components along the principal axes are different from zero, transitions 
between levels of the same symmetr^^ are stiD forbidden, i.e. 

-I- 4_ .H-> AA, H — +— , —A ^ — 4-, . 

(II, 100) 

Energy level diagrams showing the operation of the selection rules (II, 97-99) 
have been given in Figs. 149, 154 and 160 of Volume II. 

An alternative way of stating the selection rules just given is b}' means of K^, 
and Kc, the quantum numbers of rotation about the a and c axes in the limiting 
cases of the corresponding prolate and oblate s\Tiimetric tops. As we have seen, 
each level of the asymmetric top is completeh^ described by J 
ifc one finds the selection rules [see Cross, Hainer and King (257)]: 

if the transition moment is in the a-axis 


AX,, = 0, ±2,... 

AKe = ±1, ±3,..., 

(II, 101) 

if it is in the b-axis 



CO 

-4-1 

r-T 

4-1 

11 

AjEc = 41,43,..., 

(H, 102) 


and if it is in the c-axis 

AKa= ±1, ±3,... AKe-0, ±2,.... (11,103) 

It is to be understood that in these selection rules for a given the possible 
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values of AiTc are not entirely unrestricted because the sum K^, + is either 
equal to J (‘"even” levels according to Cross, Hainer and King) or J 4 - 1 (‘‘odd” 
levels); therefore, for example, for AKa = 0 and AJ = 0 , can only have the 
values + 1, while for AK^ = 0 and AJ = + 1 it can only have the value AK^ ~ + 1 
and for AK^ = 0 , A J = — 1 only AKc = -- 1 ; for AK^ = + 1 and AJ — 0 only 
AKc — — 1 , 0 or + 1 is possible, and so on. 

Although for unsymmetrical molecules the selection rules (II, 97-99) and 
(II, 101-103) hold only to the extent that the rotational motion can be separated 
from the vibronic motion and would be violated for example when there is strong 
Coriolis interaction, some (or all) of the selection rules are maintained irrespective 
of separability if the molecule has symmetry. 

In principle the potential energy of all molecules has inversion symmetry 
(see p. 93) and therefore we have the parity rule for “positive” and “negative” 
rotational levels 

+ 4^4, - (11,104) 

As pointed out in Volume II, p. 415, this rule is of consequence for non-planar 
molecules only when the inversion doubling is not negligibly small. For planar 
molecules, for which the c-axis is always perpendicular to the plane of the molecule, 
the parity rule does introduce restrictions but these restrictions do not go as far as 
those introduced by (II, 97-99) although unlike the latter they are rigorous for 
electric dipole radiation. For example, remembering that the first sign in the 4 — 
symbol gives the parity if the vibronic state is symmetric with respect to the plane 
of the molecule, we see that both the a-type and 6 -type transitions represented by 
eqs. (II, 97 and 98) are in accord with the parity rule and no others can occur between 
states that are symmetric with respect to the plane. The c-type transitions are 
also seen to be in accord with the parity rule if it is remembered that in a vibronic 
state that is antisymmetric with respect to the plane of the molecule the parities 
are opposite to the first sign in the H — symbol. 

More important are the selection rules for the over-all (rovibronic) species, 
although these too do not introduce any additional restrictions beyond (II, 97-99) 
but only make some (or all) of them rigorous. We have for the over-all species 
based on the rotational sub-group the simple rule that it does not change in a 
transition, i.e. 

(11,105) 

This is an absolute rule for zero nuclear spin of the identical atoms; but even for 
non-zero nuclear spin it is still extremely strong (just like the ortho <-i-> para rule 
of diatomic molecules) since the coupling of nuclear spin with rotation is so very 
small. The rule holds not only for electric dipole radiation but also for magnetic 
dipole and quadrupole radiation, as well as for collisions, and is the basis for the 
intensity alternation (or alternate missing lines) in the various branches of bands of 
symmetrical molecules. 

For the over-aU species based on the full symmetry group we have again the 
selection rule (see p. 223) that the product of the over-all species of upper and lower 
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state must he that of the product T^R^ of a translation and a rotation. This rule holds 
for electric dipole radiation only. In Table 15 the species of T^R^ is given for all 
asymmetric top point groups and, derived from it, the allowed rovibronic transi- 
tions are listed. It may be noted that by dropping g, u for Q, 02^, prime 
and double-prime for and subscripts 1 and 2 for ^2V the selection rules (II, 105) 
are obtained. 


Table 15. Rovibronic selection rules for ASYiiiiETRic 

TOP POINT GROUPS 


Point 

group 

Species 
of T,R^ 

Allowed ro\ibronic 
transitions 

Cl 

A 

A-A 

C, 

A, 

Au-Ag 

C. 

A" 

i A" -A' 

Ca 

A 

1 

1 

C 2 h 

A, 

Au-Ag, 

^ 2 v 

A2 

Ai — A2, Bi — B2 

I>2 

A 

A— A. B^ — Bi, B2 — B2, Bq — Bq 


A. ! 

Au~Ag, Bi^-— Big, B221 — B 2 g, Bq.j^ — B^g 


As an example of the operation of these selection rules let us consider an 
vibronic transition of a € 2 ^ molecule in which the a-axis lies in the sym- 
metry axis (e.g. H 2 CO). As we have seen in Chapter I, Table 6, the correlation of 
H — symmetry and rovibronic species for an Ai vibronic state is 

+ + -+ --- +- 

A I A 2 R\ R2 

Therefore the selection rule (Table 15) that only Ai — Ao and B 1 --B 2 rovibronic 

transitions occur means that only + -f <--> — h and <—> -i — transitions occur 

in agreement with the selection rule (II, 97). In this case as well as aU other 
vibronic transitions of point groups € 2 ^, ^2 ^ 2 h selection rules of Table 15 

lead to the same restrictions as the selection rules (II, 97-99) but they hold, unlike 
(II, 97-99), also when rovibronic (Coriolis) interaction is large and when as a result 
forbidden vibronic transitions occur. For the point groups of lower sjmimetry 
Cs, C 2 , C 2 h the selection rules of Table 15, while in agreement with (II, 97-99) are 
less restrictive and therefore for normal allowed transitions the rules (II, 97-99) 
should be used; but when rovibronic interaction is large, i.e. in forbidden vibronic 
transitions only the rules of Table 15 remain valid. 

(p) Slightly asymmetric tops 

If the molecule is only slightly asymmetric, the band structure can be most 
readily understood by starting out from the nearest symmetric top and then intro- 
ducing the iT-type doubling due to the asymmetry. Since this asymmetry 
doubling decreases rapidly with K, for high K even fairly strongly asymmetric tops 
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may be treated as nearly symmetric tops but for low K the asymmetry must be 
very small for this to be possible. 

For slightly asymmetric tops the general selection rules (II, 101-103) are 
replaced by the symmetric top selection rules 


= 0, ± 1 or = 0, ± 1 (II, 106) 

depending on whether the molecule approaches a prolate or an oblate symmetric 
top. In either case AiT = 0 corresponds to the || component, Ai^ = ± 1 to the _L 
component of the transition moment, that is, to the component |1 or J_ to the top 
axis. Whether one or the other or both types of rotational transitions occur 
depends on the point group, the relation of the top axis to the symmetry elements, 
and the type of vibronic transition. These relations for electronic (vibronic) 
transitions are entirely similar to infrared transitions and are summarized in 
Table 16. Hybrid bands arise whenever the transition moment has components 
both in the top axis and perpendicular to it, || bands when the transition moment 
lies in the top axis, and J_ bands when it is perpendicular to the top axis. The 
rigorous selection rules for the rovibronic species (Table 15) and the selection rules 
(II, 97-99) are valid of course for slightly as well as for strongly asymmetric tops. 


Table 16. Band types pob various vibronic transitions in slightly 

ASYMMETRIC TOP MOLECULES 


Point 

group 

Vibronic 

transitions 

Band type®- 

Top axis \\z^ 

Top axis \\y 

Top axis \\x 

Cx 

A~A 

hybrid {A, B, C) 

hybrid {A, B, C) 

hybrid {A, B,0) 

C, 


hybrid {A, B, C) 

hybrid {A, B, C) 

hybrid {A, B, C) 

C, 

A' -A', A" -A" 

_L band {B, G) 

hybrid {A, B) 

hybrid {A, B) 


A'-A" 

11 band (A) 

J_ band [B or G) 

X band (B or 0) 


A~A, B-B 

II band {A) 

band {B ot C) 

J_ band (B or 0) 


A-B 

V band {B, C) 

hj^brid (A, B) 

hybrid (A, B) 

^2v 

Ai~Ai, Bi — Bi 

II band {A) 

J_ band {B or C) 

J_ band (B or C) 


Ai — B^, A 2 ~ B 2 

band {B or C) 

J band (Bor (7) 

11 band (A) 


Ai~ B 2 , A2~ Bi 

_L band {B or C) 

II band {A) 

X band {B or 0) 


A~B„ B2-Bs 

11 band \A) 

X band {B or C) 

_L band {B or C) 


A ~ ^2, Bi ~ Bq 

J_ band {B or C) 

II band (^4) 

A band (B or 0) 


A — Bq, Bi ~ B 2 

_L band {B or C) 

X band (B or C) 

II band (^) 


^ The symbols A, C in brackets indicate whether the transition moment has components in the a, b ov c axis 
for a near-prolate top (top axis = a axis); for a near-oblate top (top axis = c axis) A and C must bo exchanged. 
^ The z axis is assumed to be 1 to a of Cs, but identical with C2iz) in Cz, C2h, C2v, Dz. 
c Tor C2h and Dsa add the g, u rule; it does not affect the band type. 


Parallel bands. The structure of |1 bands of slightly asymmetric tops is 
entirely similar to that of || bands of symmetric tops except that there is a doubling 
in all three branches of all sub-bands with > 0 on account of the asymmetry 
doubling. Figure 104 shows an energy level diagram for the 1 — 1 sub-band 
indicating how the branches originate. In order to see that a splitting into only 
two and not four lines arises, it is necessary to take account of the symmetry rules 
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Fig. 104. Energy level diagram showing the origin of the six branches in a 1 -1 
sub -band of a || band of a slightly asymmetric top. At the left the asymmetric top species 
(4* ) for an oblate, at the right for a prolate top are given. In addition at the risht in 

brackets the rovibronic species for a Bju - Ag vibronic transition of a Dof: molecule are gdven. 
The top axis is assumed to be the 2 -axis. 

(II, 97) for a prolate or (II, 99) for an oblate top. The asymmetric top species for 
the two alternatives are given at the right and left of the energy levels in Fig. 104. 
The result is the same for both: there are only two possible combinations for each 
transition that is single without asymmetry splitting; the line splitting is the sum 
of the level splittings in the Q branch, the diiference in the F and F branches. This 
result is independent of K and holds for both prolate and oblate tops. The same 
results can also be obtained (and more rigorously) from the rovibronic species if 
the symmetry is high enough. As an example in Fig. 104 at the right the ro- 
vibronic species for a B-^^ — Ag vibronic transition of a molecule are indicated. 
It is seen that the selection rules of Table 15 are fulfilled and no other transitions 
than those shown are possible. If the symmetry is low (Cj, Cj, Cg, and if there 
is strong Coriolis interaction the (approximate) selection rules (II, 97) and (II, 99) 
break dovm and in principle a total of four lines can occur for each single line of the 
symmetric top, but no such case has as yet been observed. As we have seen in 
Chapter I the magnitude of the asymmetry splitting for low J is largest for A = 1 
and decreases rapidly with increasing K. For jfiT = 1 it increases with J(/ + 1), 
for iT = 2 with J^{J + 1)^, and so on. 

For those sub-bands for which the JT-doubling is resolved the combination 
differences J) formed between appropriate components of P and i? “lines” 

give immediately the effective B values of the two component levels in the upper 
and lower state. Alternatively, combination differences AfF(J,K) between P 
and Q or between Q and R lines can be used for the same purpose. The r^ulting 



250 


ELECTRONIC TRANSITIONS 


n,3 

effective B values are related to the true and (7^^] values by Polo’s 

formulae (I, 146-152); in particular for Z = 1 we have for a near-prolate top in a 
first approximation 

= i(3Au] + = i(Au] + ^^[v]) (II, 107) 

where (c) and {d) stand for the upper and lower components of the asymmetry 
doublets. From the observed ^^ff. values according to (II, 107) the rotational 
constants B^^j and C^^^ can be determined both for the upper and lower electronic 
state, possibly after correction with the asymmetry terms of eq. (I, 148) and 
centrifugal distortion terms. However A^^^ cannot be accurately determined 
from a || band since it enters only into the higher correction terms of the effective 
B values. Only the difference A[^-^ — Al^^ is readily obtained. According to 
(I, 146) the sub-band origins are given in a first approximation by 

vr = Vo + - 1{B[,, + Cl,,)] - [A''„ - i(B';„ + Cl„)]}K\ 

(II, 108) 

Thus if the and C^,, values have been determined A[,,—Al,, is immediately 
found from a plot of against K^. Not infrequently A'l,, is known for the lower 
(ground) state from infrared, Raman or microwave spectra. Then a reliable value 
for A[,, is immediately obtained from a 1| electronic band. 

For planar molecules, if neither Al,, nor A'l,, is known from other data, an 
approximate value can be obtained indirectly from B^,, and C^,, under the assump- 
tion that the inertial defect is zero (i.e. This assumption is in 

general fairly well fulfilled for the lowest vibrational level, that is for A[o], R[o ]5 7^0]. 

When the asymmetry doubling is not resolved one obtains from the analysis 
of the J structure only + C^,,). Again for planar molecules if A^,, 

is known from other data B^,, and C^,, can be obtained separately on the assumption 
of zero inertial defect according to the relations (see Vol. II, p. 437) 

B = -{A - B) + c = +(A + B) - Va^ + B^ 

(II, 109) 

Several examples of || bands of slightly asymmetric tops have been wholly or 
partially analysed both in allowed and forbidden electronic transitions. Among 
the former are the main bands of the ultraviolet system of NO 2 extending from 
1650 to 1350 A recently studied by Ritchie, Walsh and Warsop (1072), the main 
bands of the 3200 A systems of the diazines [Innes and his collaborators (608) (609) 
(610) (831)], and of the 5600 A system of tetrazine [Mason (799)]. The forbidden 
components of the 3900 A bands of HC = CCHO show clear examples of || bands 
[Brand, CaUomon and Watson (141)]. The forbidden (magnetic dipole) com- 
ponents of the near ultraviolet H 2 CO system represent a fully resolved example 
of the I type. In NO 2 , unlike the other cases, there is a strong divergence of the 
sub-bands and what are mainly observed are the R-heads of the sub-bands. 
These R heads follow the formula (II, 108) and yield a value of (A' — S') — 
{A" — B"). The J structure has been partially resolved but an approximate value 
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Fig. 105. Spectrogram of the 0-0 band of the A — X system of symmetrical diazine 
(pyrazine) at 3239 A after Merritt and Innes (831). The K structure of the “lines” of 
the P and R branches is not resolved. 

for B' could only be obtained by a stochastic method, i.e. by calculation of model 
bands with different values of B' using the value of B" knowm from microwave 
studies. 

The diazines and tetrazines unlike the other molecules are oblate tops. Even 
though here the asymmetry parameter is rather large, these molecules can be 
considered under the heading of slightly asymimetric tops because the strongest 
lines have fairly high K values for which the asynnmetry splitting is very small. 
Since in addition apparently the moments of inertia or at least C — -|(.4 + B) in 
upper and lower state are so nearly alike that sub-bands of different are almost 
exactly superimposed a simple P, Q, R structure results just as for infrared | bands. 
Figure 105 shows as an example the structure of the 0 — 0 band of s\mimetricai 
diazine. It does not differ in any noticeable way from a j band of a genuine 
symmetric top. 


Perpendicular bands. For _L bands of slightly asymmetric top molecules 
we have the selection rule AK = ± 1. In addition the s^vunmetry rules (II, 97-99) 
and the rovibronic selection rules given in Table 15 must be observed. In Fig. 
106 the detailed structure of a _L band is shown in a way similar to Fig. 99 for a 
symmetric top. For simplicity, = A\ B' = B" andC' = C" has been assumed. 
Exact rigid asymmetric top levels w4th k ~ —0.95 were used in the construction 
of this figure. The relative intensities are from the tables of Cross, Hainer and 
King (257) assuming a temperature of 300°K. It is seen, by comparison with 
Eig. 99, that the appearance of the coarse structure {K structure) is the same as for 
a genuine symmetric top: if as assumed the rotational constants in the upper and 
lower state are the same there is a series of equidistant sub-bands; if the rotational 
constants differ there is a diverging series of such sub -bands. For low resolution 
the Q branches of these sub-bands even though no longer as line-like as for a 
symmetric top form the most prominent feature of the band. As before the series 
of sub-bands consists of two branches, an r and a p branch corresponding to AK = 
-f 1 and — 1 respectively which join together without a break. 

From (I, 146) and the selection rule AK = ± 1, neglecting all correction 
terms, we obtain immediately for the sub-band origins 


: Vo + [A' - + C')] ± 2[A^ 

+ {[A' - i(B' + G')] - [A" - 


- UB' + €')]K 
UB" + C^)]}K^ 


(II, 110) 



^91(01 /PIS) /?(0} <?(l) <?(12)>(2) 111 nil, ^(10) 
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If the quadratic term is small (i.e. if there is little change in the rotational con- 
stants), we have a spacing of 2{A - \{B + G)] which should be compared with 
2[^(1 — ^) — ^] for the genuine S3rmmetric top. The complication introduced 
by the Coriolis parameter I is not present here. 

However, it happens not infrequently, especially in very nearly prolate top 
molecules, that there are pairs of skeletal deformation vibrations in which displace- 
ments are at right angles to each other (e.g., species and B 2 in planar C^v) and not 
too different in frequency. The rovibronic levels of these modes may then be strongly 
coupled through iT-dependent Coriolis forces, and as a consequence eq. (II, 110) ceases 
to apply . Rather, the lev^els have to be analysed in pairs with the help of degenerate 
perturbation theory [see Nielsen (933a)]; the energies and hence the sub-band origins 
again contain first order terms in 2A^K as for symmetric tops. Examples of 
such analyses have been published for formaldehyde [Brand (138)] and propynal 
[Brand, Callomon and Watson (141)]. 

Small but significant differences between perpendicular bands of genuine 
and nearly symmetric tops arise in the J structure on account of the asymmetry 
doubling for Z" > 0 and of the symmetry selection rules. For a prolate top we 
must distinguish three cases; 

(1) the transition moment lies in the c-axis; 

(2) the transition moment lies in the 6-axis; 

(3) the transition moment has components in both 6- and c-axes. 

Corresponding cases for an oblate top are obtained by replacing c by a. 

In Fig. 107 the possible transitions for case (1) are indicated by full lines in an 
energy level diagram assuming a prolate top of point group Cau [with C 2 [S) as a- 
axis and the rr-axis as c-axis]. The spectrum in Fig. 106 is dravra for this case. 
The most important difference from a genuine symmetric top is the line doubling 
in aU three branches of the 2 — 1 and 1—2 sub-bands, the much smaller doubling in 
the 3 — 2 and 2 — 3 sub-bands and the still smaller doublings in higher sub-bands. 
This doubling arises solely on account of the asymmetry of the top and will 
increase with increasing deviation from the symmetric top. According to the 
symmetry selection rule (II, 99), in the sub-bands of case (1) the splitting of the Q 
lines is the sum, that of the P and R lines the difference of the level splittings in 
upper and lower state (see Fig. 107). 

Since the level splittings for iT = 1 are proportional to J(/ -f 1) we see that, 
even though we assumed A* = A", B' = B'\ C' = C" in Fig. 106 the two com- 
ponent Q branches of the 2 — 1 and 1—2 sub-bands are not line-like but shaded in 
opposite directions. A similar difference for the 3—2 and 2 — 3 sub-bands is much 
less pronounced since the level splittings for Z = 2 are much smaller. Because 
of the symmetry selection rule (see Fig. 107) the three branches of the 1 — 0 and 
0 — 1 sub-bands remain single; the Q lines go only to the lower, the P and R lines 
only to the upper component levels of the asymmetry doublets. As a result as 
shown in Fig. 106 the single Q branch of the 1 - 0 sub-band is shaded to the red, 
that of the 0 — 1 sub-band is shaded to the violet while the P and R branches are 
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f<a'~o a;=i a;=2 a;=3 

Fig. 107. Energy level diagram for a J_ band of a slightly asymmetric (prolate) 
top molecule. The full -line transitions correspond to case (1), i.e. the transition moment in 
the c-axis; the broken-line transitions correspond to case (2), i.e., the transition moment in 
the i-axis. The rovibronic species added at the right of the levels correspond to a 
transition of a C^v molecule with the C 2 being the 6-axis. Only one member of each branch is 
shown. 
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shaded in the opposite direction. Of course, when, as usually happens, the assump- 
tion A' = A\ B' — B", C' = C" underlying Fig. 106 is not fulfilled both Q 
branches will in general be shaded in the same direction but one more so than the 
other and similarly for the P and R branches. 

In case (2) (i.e. when the transition moment is in the 6-axis) we must use the 
selection rule (II, 98) in place of (II, 99). The corresponding transitions are 
indicated by broken lines in Fig. 107. Now the Q lines in the 1—0 and 0 — 1 
sub-bands go to the upper rather than the lower component levels of iC = 1 and 
therefore the shading of the Q branches and of the P and E branches for A' = A\ 
B' — B", C' = C" is the reverse of that shown in Fig. 106. Similarly in the 2 — 1 
and 1 — 2 (and higher) sub-bands the two components of the Q lines are separated 
by the difference rather than the sum of the level splittings in the upper and lower 
state. From the sign of the combination defect in the 1—0 and 0 — 1 sub-bands 
or simply from the direction of shading of the Q branches it is easy to decide 
whether the Q lines correspond to the upper or lower component levels in the K — 1 
set and therefore it is easy to decide whether the transition moment is in the 6- or 
c-axis. In this way the nature of the vibronic transition can be established. 

When the transition moment has both a component in the 6 and one in the c- 
axis [case (3) above] both the transitions indicated by solid lines and those indicated 
by broken lines in Fig. 107 can occur. Thus there will be four component lines 
for all P, Q and E ‘Tines” of the 2 — 1, 1 — 2, 3 — 2, 2 — 3, . . . sub-bands and two 
component lines for those of the 0 — 1 and 1-0 sub-bands. However, the two sets 
of components, those corresponding to the 6-component and those corresponding 
to the c-component, of the transition moment will in general have different inten- 
sities unless by accident the transition moment is at 45^ to the 6- and c-axes. 
Case (3) can occur only for the point groups, Q, C 2 , Cj, C^n for which not all 
three directions of the top axes are determined by symmetry. 

While approximate values of the rotational constants can be estimated simply 
from the spacing of the sub-bands and of the lines within the sub- bands, for a 
more precise evaluation it is best to use the method of combination differences. 
For an evaluation of x4 — ^(P + C) and in the upper and lower state we use as 
before the sub-band origins. Since now ^ = 0 we have instead of (II, 85) the 
simpler equations 

v?(K) - v^(K) = P'(0, Z + 1) - P'(0, Z - 1) = AfP^(0, K) 

= 4[A' - i{B' -f C')]K - SD'^K(K^ -f 1) (II, 111) 
v?(Z - 1) - v°(Z 4- 1) = P"(0, Z + 1) - P"(0, Z - 1) = Af P"(0, Z) 

= 4[A" - J(P" -f C")]K - 8I>^Z(Z2 ^ 1)^ 

From these relations A — \{B A C) and can be determined either by the 
method of least squares or by one of the graphical methods described in Volumes I 
and II. 

Strictly speaking according to (I, 146) it is not A — + G) but 

[A - i(P -f cmi - |52 + ...) 
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that is obtained. However, a fairly strong asymmetry is required to make the second 
bracket sufficiently different from 1 to affect the A value within its accuracy. 

Instead of using the sub -band origins in (II, 111) one may also take differences of 
corresponding lines in the sub -bands. If one uses averages of asymmetry doublets for 
this purpose one can see readily from (I, 146) and (I, 158) that only the terms 

-- - 4.DjkK]J{J -f 1) + - AD^,l^)J^(J + !)"+•• -(II, 112) 

have to be added to (II, 111) if the asymmetry is assumed to be small, so that the 
effect of the constants JDi, D 2 , D 3 can be neglected. Only the first term of (II, 112) 
is important. 

The rotational constant B == l(B + G) is determined (just as B for a genuine 
symmetric top) from combination differences in the J structure. Similar to 
(II, 84) we have here 

AiF{J, K) = 4[i(5 + G)^ IDj - + -|) 

-8(D, -ADeV)(^ + i)"+---. (11,113) 

Higher terms must be included unless the asymmetry is small. The observed 
AiFiJ, K) values are as usual obtained from Bj^{J — 1) — Pk{J + 1) for the 
lower and Bk{^) — P/i:( J) for the upper state. 

By a least squares evaluation or the usual graphical methods we obtain the 
coefficients of 4( J -h J) and 8( J + in (II, 113) which represent effective B and 
D values. The effective B value is l(B + C) except for the small asymmetry 
correction ABfff. and the term —Dj^K^. If the A^P(J', K) have been obtained 
for several K values, the slope of the plot of the effective B against will give the 
centrifugal stretching constant Its value must, of course, agree with the 

value obtained above from the AfP. The correction term APf^f. is independent 
of K if averages of the asymmetry doublets are used [see eqs. (I, 147-152)]. To a 
first good approximation it is given by 

(g--g)h. (11114) 

Tor a slightly asymmetric top this term is clearly very small compared to |(jB + (7) 
and can often be neglected. In that event J(B + C) is obtained as the intercept 
in the plot of the effective B versus K^. 

Frequently not all three branches of all sub-bands are weU resolved and only 
very few K) may be determined. One can then also use the A{F(J, K) 

values if the Q branch and one of the other branches is resolved. However, this is 
possible only for those sub-bands for which the asymmetry doubling is small. 
If one uses the average of each doublet one finds neglecting asymmetry terms 

AiF(J, P) = P(/ + 1, Z) - F{J, K) 

= 2 [\[B + (7) - Djj,K^]{J + 1) - 4D,(/ + 1)®. (II, 116) 

The observed A{F{J, K) values are obtained in the usual way (see p. 216) from P 
and Q or Q and R branches. 
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For the 1—0 and 0 — 1 sub-bands if only one F, one Q and one R branch are 
present [case (1) and (2) above, see Fig. 107], the K) values obtained from 

R and Q do not agree with those obtained from Q and P branches. As is readily 
seen from Fig. 107 and as has already been discussed for linear — bent transitions 
of ‘"linear” molecules the differences between the two \{F[J, K) values give 
immediately the sum of the asymmetry doublings in two successive rotational 
levels. This sum is given by (see eq. II, 53) 

+ 1) -f Ai/fy V) - ~ G){J + l)^. (II, 116) 

Higher order corrections depend on 6^ and are usually negligible except for very 
high J. If a few values of the sum have been obtained from the observed spec- 
trum, a very precise value oi E - C can be derived from the relation (II, 116) and 
therefore with \{B + C) from A 2 F or A^F the constants B and C can be determined 
separately. 

It may be noted that the sum (II, 116) can also be determined from 2—1 or 1 — 2 
sub-bands if care is taken in forming the LiF{J, K) values from appropriate components 
of the P, R and Q doublets. In a similar way also the splittings of the K = 2 levels 
can be obtained either from 2—1 and 1 — 2 or from 3 — 2 and 2 — 3 sub -bands. Here, 
again the difference of the AiP{J, K) values gives the sum of the splittings of two 
successive rotational levels which is according to (I, 157) 

V + 1) + = 

Thus, if for some reason the 1 — 0 and 0—1 sub-bands cannot be measured the \'alue of 
{B — C) can be determined, though less accurately, from the line splittings in 2 — 1 
and 1 — 2 or 3 — 2 and 2 — 3 sub -bands, assuming that A — h{B -r C) has first been 
determined from the sub -band spacings. 

Formulae similar to (II, 116) and (II, 117) hold for a nearly oblate symmetric 
top except that everywhere A is replaced by C and C by A. 

From the combination differences ^{F(J, K) it is easy to establish the sign of 
the combination defect, that is whether the Q lines in the 1—0 and 0 — 1 sub-bands 
go to the lower or upper component level of the K = I set, and similarly whether 
the splitting of the Q lines of 2 — 1 and 1 — 2 sub-bands is the sum or difference of 
the level splittings in upper and lower state (i.e. is larger or smaller than the 
splitting in corresponding P and R lines). If the first alternative applies (full 
lines in Fig. 107) it follows that the transition moment is in the c axis; if the second 
alternative applies, it is in the h axis (and similarly in the a and 5 axes respectively^ 
for a near oblate symmetric top). Thus important information about the nature 
of the electronic transition is obtained from the band structure. For example, 
if for a planar molecule of point group a near prolate ±_ band is observed in 
which the first of the above alternatives applies, that is, if the transition moment is 
in the c axis it follows immediately that the transition is A" — A' or A' — A" and 
not A'— A' or A" —A". If a similar observation is made for a molecule for 
which it is known from other evidence that the a axis (top axis) is in the 02 ( 2 ?) 
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axis, it follows immediately that the transition is Bi — Ai (or -62 — ^ 2 ) not 
B^ — Ai (or Bi— A^. 

Further information about the nature of the electronic states giving rise to the 
observed transition can be obtained if an intensity alternation is observed in 
successive lines of the branches or in the series of sub-bands. An intensity 
alternation in K immediately establishes that the top axis (a or c) is an axis of 
symmetry and the sign of the intensity alternation (i.e. whether even or odd lines 
are strong) establishes whether the vibronic wave functions of the upper and 
lower state are symmetric or antisymmetric with respect to a rotation by 180° 
about that axis. On the other hand, if an intensity alternation in J is observed, 
it establishes the existence of a two-fold axis of symmetry at right angles to the 
top axis and the sign of this intensity alternation depends on the symmetry of the 
wave functions with respect to rotation by 180° about the axis. Both types of 
intensity alternation occur in molecules of point group D 2 / 1 . 

In Fig. 107 the ro vibronic species are added for a Bi — Ai vibronic transition 
of a C 2 U molecule with C 2 [z) as a axis, corresponding to the full-line transitions. 
It is seen that the levels of a given K are either all A or all B and that A and B 
alternate for successive K values. Therefore only an intensity alternation in K 
arises, none in J. If the identical atoms causing the two-fold axis of symmetry 
are H atoms (as in H 2 CO) the B levels are the strong ones and therefore in the 
example the sub-bands with odd K" are strong, those with even K" weak. The 
reverse is the case if the H atoms are replaced by D atoms (or if there are two sets 
of H atoms). Other cases are easily worked out according to the rules discussed 
earlier (p. 114). 

Several examples of _L bands of slightly asymmetric top molecules have been 
studied in detail. A particularly clear example of a J_ band is provided by the 
HNCN radical and is reproduced together with the corresponding band of DNCN 
in Fig. 108. Here the rotational constants in the upper and lower state are very 
nearly the same. Because of this and because of the very small asymmetry a 
band structure arises which is very similar to the schematic spectrum of a sym- 
metric top in Fig. 99: a nearly equidistant series of line-like Q branches with 
intermediate structure due to P and R branches. These absorption bands are 
typical J_ bands just like infrared J_ bands. The very wide spacing of the Q 
branches (-^40 cm"^) and the halving of this spacing for the deuterated com- 
pound shows that the small moment of inertia must be due almost entirely to 



3427.1 A 




3465.9 


Fig. 108. Spectrogram of the 0—0 band of the A — X system of HNCN at 3440 A 
after Herzberg and Warsop (547). The heads of the Q branches of the sub -bands are 
marked. The P heads are visible to the right of the Q heads of several sub-bands. 
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the H atom which accordingly must be assumed to be off the axis of a linear XCIST 
chain. By the use of higher resolution several of the sub-bands have been fairly 
completely resolved and in the way outlined above all three rotational constants 
A, B, C have been determined in both upper and lower state. The asymmetry 
parameter h in the ground state is only -1.798 x 10 From the sign of the 



Fig. 109. Spectrogram of the 3 — 2 sub-band of the 0 — 0 band of the A — X system of 
HNO at 7534 A after Dalby (264). Note the A-type doubling at higher J values. 


combination defect in the 1—0 and 0 — 1 bands it has been established that the 
transition is A" — A' (or A' — A") that is, type C. 

Another similar example is provided by the absorption system of HNO in the 
red region first observed by Dalby (264). Here, because of the smaller moments 
of inertia and a very complete resolution of the fine structure is possible. 
Figure 109 shows the 3 — 2 sub-band of the 0-0 band. The P branch is much 
weaker than Q and R branch in agreement with the intensity formulae (IL 83). 
For the higher sub-bands the P branch is not obser%"ed. The asymmetry splitting 
of lines with higher J values into two components of equal intensity is clearly 
shown in each branch of the 3 — 2 sub-band. It is also to be noted that this 
splitting for a given J is larger in the Q branch than in P and R branch showing 
that this band corresponds to case (1) above, i.e. that the transition moment is in 
the c axis and therefore that the electronic transition is A" — A' (or A'— A"). It 
should be noted also that the P, Q, R branches start with J = 4:, ^ and 2 respec- 
tively in agreement with expectation for a 3 — 2 sub-band. Conversely it was in 
this way that the K numbering was estabhshed. A corresponding spectrum of 
DNO has also been obtained and analyzed. For each isotope, from the combina- 
tion differences, precise values of aU three rotational constants have been obtained 
and from them the geometrical parameters ro(NO), ro(NH), <HNO have been 
determined (see Chap. V, section lb). 

A further important example, in a molecule with somewhat higher symmetry, 
is foxmd in the near ultraviolet absorption system of H 2 CO first analyzed by Dieke 
and Kistiakowsky (277) as early as 1934 (indeed this was the first successful 
rotational analysis of an electronic spectrum of a polyatomic molecule). The 
analysis was extended by Dyne (332), Robinson (1075) and CaUomon and Innes 
(178). This spectrum also shows the typical structure of X bands. There is a 
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clear intensity alternation in K: sub-bands with odd K" are strong showing that 
the lower electronic state is an or ^[3 state. While the band structure does not 
allow one to distinguish between and A 2 , the electron configuration of H2GO 
(see Chap. Ill) demands that it be ^1. Since in the upper state the even K levels 
are strong, this state must be a 5 (vibronic) state. The fact that the Q lines of the 
main bands show a smaller asymmetry splitting than the P and R lines shows 
according to Fig. 107 that the transition moment lies in the b axis (type B bands), 
i.e. in the plane of the molecule. Thus the upper state is vibronically B 2 not 
There are also a few weaker bands in which the reverse splitting ratio of Q and 
P, R lines is observed (type 0 bands) and for which therefore the upper state must 
be vibronically B^. The complications which arise in the interpretation of the 
electronic and vibrational structure from the fact that the molecule is non-planar 
in the excited state will be discussed in Chapter V, section 2b. 

Several other examples of _L bands of slightly asymmetric top molecules 
are described in the recent literature. King (667) and Paldus and Ramsay (957) 
have analyzed the green absorption bands of glyoxal, (HCO)2, and have shown 
them to represent an A^ — Ag transition of point group C 2 h> Brand, Callomon 
and Watson (140) (141) have studied the near ultraviolet absorption bands of 
HC^C — CHO (propynal) under high resolution finding typical _L bands with 
well-resolved sub-bands. The electronic transition is '^A"~'^A'. A similar 
transition is observed in C2H3CHO (acrolein) near 3860 A; the _i_ structure of the 
bands has recently been firmly established and the K structure analyzed by 
HoUas (565). 

Hybrid bands. As indicated in Table 16, for point groups Q, C2 and 

hybrid bands can appear, that is, for them both the rotational transitions 
described for a || band and those for a J_ band can occur in one and the same 
vibronic transition. The relative intensity of the || and components depends 
on the orientation of the transition moment with respect to the top axes. It is 
easily seen from Table 16 that except for point groups (no symmetry) and 
the _1_ components of hybrid bands are single components following only one of the 
three selection rules (II, 97-99), that is the P, Q, R branches with K > 0 have 
each only two not four components. However, the bands of Ci and molecules 
are complete hybrids, that is, unless accidentally the transition moment lies in one 
of the principal axes all three components, type A, type B and type C are present. 
Good examples of hybrid bands have been found in the forbidden components of 
the 3800 A system of propynal [Brand, CaUomon and Watson (141)]. Unlike 
the main bands which are strictly JL bands (type C), the forbidden component 
consists of A' — A' vibronic transitions which have both || and _L dipole com- 
ponents ; in some of these bands the K structure is well resolved and shows about 
equal intensities of the AK — 0 and AK = ± 1 sub-bands (type A and t3q)e B). 

Unresolved bands. Only too frequently, for heavier molecules, the band 
structure cannot be resolved. Sometimes conclusions about the nature of the 
upper state can be derived from unresolved bands if the structure of the molecule 
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in the ground state is known from microwave, infrared or Raman studies. Metro- 
polis (833) has studied in some detail the band envelopes to be expected for near 
prolate XY 2 molecules. He has in particular discussed the question of the shading 
of the K structure and the J structure and the conclusions that can be drawn from 
it about the changes of internuciear distance and angle in the electronic transitions 
and has applied them to the near ultraviolet spectra of SO 2 and CIO 2 . More 
recently Parkin (962a) has developed a computer program for obtaining directly 
the contours of asymmetric top bands, and Parkin and Innes (964) have applied it 
to a determination of the rotational constants of the upper state of the 2482 A 
band of HFCO. 

(y) Strongly asymmetric tops 

When the molecule is a strongly asymmetric top the selection rule AK == 0, ± 1 
is no longer valid since K is no longer a good quantum number. Rather we must 
now apply the general selection rules (II, 101-103) for and As a conse- 
quence, many more sub- bands and branches will occur. In addition, since now the 
asymmetry splitting is large, even for fairly large or the resulting pairs of 
branches which were very close to each other in the slightly asymmetric top are 
now widely separated and cannot immediately be recognized as belonging together. 

Just as in infrared spectra, depending on which one of the three selection 
rules (II, 101), (II, 102) or (II, 103) [or equivalently (II. 97), (11. 98) or |IL 99)] 
applies we have type A, type B and type C bands. In Volume II, pp. 47U. 475 and 
481, energy level diagrams for infrared transitions of the three types have been 
given. They are identical with corresponding diagrams for electronic transitions 
vhich we need therefore not reproduce here (but see Fig. 107 for a type C band of a 
slightly asymmetric top). However, in order to give some idea of the structure of 
bands of strongly asymmetric top molecules we do present in Figs. 110 and 111 
diagrams showing the various sub-bands of an A t\’pe and a C t^pe band of a 
strongly asymmetric top assuming A = 20.145, B = 11.185, C — 7.065 cm“^ in 
both upper and lower state. In the designation of the branches two superscripts 
are used preceding the symbol P or Q or R (which gives the AJ (or AN) value); 
the first of these superscripts indicates the AK^, the second the AKq value. Thus 
one has ^^R, . . . branches and similar Q and P branches in 

type A bands and corresponding branches in the other band t;\pes. Unfortunately 
it was not possible to include the superscripts in the designations in Figs. 110 
and 111. 

The intensities of the lines in Figs. 110 and 111, indicated by their heights, 
have again been taken from the tables of Cross, Hainer and King (257). Since the 
example is closer to a prolate than to an oblate symmetric top, the lines following 
the prolate selection rules = 0 for Fig. 110 and AK^ = ± 1 for Fig. Ill 
are the strongest and of these again those with the lowest AK^ are strongest. The 
branches with higher AKa values are all very woak; in order to be able to plot them 
a larger intensity scale has been used than for the other branches. For slightly 
asymmetric tops all these branches have vanishing intensities. 




Fig. 110. Calculated structures of the sub-bands of an A-type band of a strongly asymmetric top. The assumed rotation! 
constants are A' — A'' = 20.145, W — S" = 11.185, C' — C" = 7.065 cm“^. The band origin has been arbitrarily placed at 10000 cm^- 
The main sub-hands with Ai^a, = 0 are in the upper part, the weaker sub-bands with AiiC„ = + 2 in the lower part. The intensity seal 
in the lower part is 10 times greater than in the upper part. .ST-type (asymmetry) doublets are indicated by the oblique broken-line brackets. 




Fig. 111. Calculated structures of the sub-bands of a C-lype band of a strongly asvmmetric lop. 
In the*, uppor part an* tin* main Huh-litinds with AKq — I 1 ; a h'w lum-li \vi*aki>r Kjil»-handK with AK^, ---- -h .1 tira 
fold inte'iiHiiv acala. 
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The intensity tables of Cross, Hainer and King (257) originally intended for the 
study of infrared bands are based on the assumption that the rotational constants in 
upper and lower state are the same. In electronic transitions there are often great 
differences between A\ B', C' and A", B", C" and consequently large deviations from 
the intensities of Cross, Hainer and King must be expected. The recently developed 
computer programs for asymmetric top bands allow fairly readily an extension to 
include intensity calculations, and where they have been carried out, they bear out 
the expectation of considerable changes of the Cross, Hainer, King intensities [see 
Birss and Ramsay (120a)]. 

It can be seen in Figs. 110 and 111 that with increasing the Q branches 
contract so that for asymmetric top molecules for which higher K values are 
important there is an approach to the symmetric top structure. To get a true 
picture of the structure of an asymmetric top band the various sub-bands of each 
of the two diagrams must of course be superimposed. It is clear from Figs. 110 
and 111 that then a spectrum arises in which individual branches are not easily 
recognized. 

The analysis of electronic bands of strongly asymmetric tops proceeds of 
course in the same way as for infrared bands, and we can refer to the discussion 
in Volume II, p. 484f. Many more details about the various methods of analysis 
may be found in Allen and Cross’s book (1). The same remarks apply to the 
methods of determining the rotational constants in the upper and lower state. If 
all levels for several J values have been evaluated the best way of determining the 
rotational constants A, B,G as well as some of the centrifugal stretching constants 
is by way of the relations (I, 163) of Chapter I. 

In recent years with the increasing availability of electronic computers, it has 
become much easier to analyze asymmetric top bands and determine the rotational 
constants by a stochastic method, i.e. by calculating the whole band structure with 
approximate rotational constants and then repeating the procedure with slightly 
varied constants until a fit within the accuracy of the measurements is obtained 
[see Birss and Ramsay (120a)]. This method presumes that no perturbations occur 
in the excited state, a condition that is less often fulfilled in electronic than in 
infrared transitions. 

The only examples of electronic bands of strongly asymmetric tops (and not 
involving a state in which the molecule is linear or nearly linear as in NH 2 and CH 2 ) 
which have been fully resolved and analyzed are bands near 1250 A of HqO and 
DgO (Johns (631)). They are reproduced in Fig. 112. While in H 2 O the resolu- 
tion is limited by predissociation (see Chap. IV) in D 2 O a fairly complete resolution 
is obtained. The analysis of these bands was greatly simplified by the knowledge 
of the lower state rotational levels from the infrared spectrum. Several sub-bands 
are indicated in Fig. 112. The fact that is even for all sub-bands, while AKa 
is odd, shows that the band is a type C band: the transition moment is perpendicular 
to the plane of the molecule. None of the infrared bands of H 2 O are of this 
type. 

Bands similar to those of H 2 O have been found for H 2 S and D 2 S 1390 
and 1265 A. However for H 2 S (and B 2 S) the rotational constants A and B are 
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Fig. 112. Spectrograms of the 0-0 bands of the C-X systems of HgO and D 2 O 
after Johns (631). The assignments of the lines of the sub-bands with = 0 and 1 are 
given. Note the rapid increase of diffuseness with J in HoO. 

not very different while C ^ |-.4. Therefore these bands are again nearlv 
symmetric top bands but corresponding to an oblate top. 

Only one example of a doublet — doublet transition in a strongly asymmetric 
top has as yet been analyzed [Dixon, Duxbury and Ramsay (286b)]: the red 
absorption bands of PHg which represent a transition (compare also 

the doublet structure in the linear - bent transition of NEg, Fig. 95). No examples 
of triplet - triplet or higher multiplet transitions in as^^mmetric top molecules have 
been resolved and analyzed. 


(8) Forbidden transitions 

Just as for symmetric top molecules, the band structure of asymmetric top 
molecules in those forbidden electronic transitions that are made possible by 
vibronic interaction is the same as in corresponding allowed transitions: It is the 
vibronic symmetry of upper and lower state that determines the direction of the 
transition moment and thus the band structure. 

Transitions induced by Coriolis interaction. The band structure is 
different in forbidden electronic (or vibronic) transitions that are caused to appear 
by the interaction with rotation, i.e. by Coriolis interaction. Consider for example 
the 00. - —00. . band of an A 2 —A 1 electronic transition (or any A 2 ~Ai vibronic 
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transition) of a Cgy molecule. Such a transition is rigorously forbidden in the 
non-rotating molecule. However, if the A 2 state is near a third state that can 
combine with the state A 2 may mix with this third state with increasing 
rotation and will therefore be enabled in its higher rotational levels to combine 
with A^. (Alternatively if there is a third state near the lower state Ai which can 
combine with A 2 , the A 2 — ^1 transition can be made possible by Coriolis interac- 
tion.) If the third state interacting with A 2 is an A 1 state it is rotation about the 
2;-axis that can cause mixing; if it is a or B 2 state it is rotation about the x- or 
y-axis respectively. If the a:-axis is the a-axis, in the first case (Ai — Ag Coriolis 
interaction) levels with the same can perturb one another, in the other two 
cases levels differing by ± 1 in can perturb one another. Figure 113a shows an 
energy level diagram for the first case, Fig. 113b for the second case (B^—A 2 
Coriolis interaction). 

Coriolis perturbations can take place only between states of the same J and the 
sa7ne rovibronic species. Therefore, as Fig. 113a shows, in the first case (Ai— Ag 
Coriolis interaction) a band with = 0, similar to an ordinary || band, arises in 
which, however, the sub-band with E^ = 0 is missing and in which for 7 ^ 0 the 
opposite components of the asymmetry doublets appear as in a normal Ai—Ai 
(or A 2 — A 2 ) II band. The sub-bands with E^ — 1,2 ,... made possible by 
Coriolis interaction are forbidden by any of the selection rules (II, 97-99) for the 
asymmetric top species which, as pointed out earlier, are not rigorous; the sub- 
bands are, however, in accordance with the selection rule for the rovibronic species 
(Table 15). 

On the other hand, for the second case (Fig. 113b) the A 2 vibronic levels with 

= 0, 1, 2, mix with the Bi levels with = 1,0 and 2, 1 and 3, etc. and there- 
fore transitions with = 0 and ± 2 arise, i.e. g, s and 0 branches of sub-bands 
including a sub -band with E'^ = A" = 0 with a strong Q but no P and R branch. 
The other sub-bands have the usual P, Q, R branches but since in this case the 
Coriolis interaction is due to rotation about the a;-axis the transition becomes 
increasingly allowed with increasing J, not E, and the intensity distribution in the 
branches is therefore anomalous: the line strengths as given in the tables of Cross, 
Hainer and King (257) have to be multiplied by a factor J(J + 1), i.e. lines of low 
J are very weak. 

In the third case {B 2 — A 2 perturbation) everything is similar to the second 
{B 1 — A 2 ) shown in Fig. 113b, except that the rovibronic species in the B 2 state 
are reversed compared to (i.e. B 2 is replaced by Bi, B^ by B 2 and A 2 by Ai, 

'by A^). 

For forbidden Bz — B-^ transitions caused to appear by Coriolis interaction 
the band structure is entirely similar to A 2 —A 1 transitions: only the rovibronic 
species in Fig. 113 have to be appropriately changed (see Table 6, p. 113). 

Similar considerations apply to molecules. Here it must be noted that 
forbidden transitions of the g—g or u—u tj^pe cannot be caused to appear by 
Coriolis interaction. Only Ag—A^ and Big — B^^ transitions can be produced in 
this way. 
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For point groups of lower symmetry there are no forbidden electronic transi- 
tions other than g — g, u~u transitions. Here Coriolis interaction can cause the 
weak occurrence of forbidden sub -bands in allowed electronic transitions. For 
example, in an A" — A' transition of a nearly symmetric top molecule of point 
group Cs, which normally has only transitions with AiT = ±1, transitions with 
Ai^ = 0 and ± 2 become possible with increasing J (as in Fig. 113b) if an A' state 
is close to the A" state and if that A' state combines strongly with the A' lower 
state of the A" — A' transition. 

Forbidden sub -bands can also be caused by "'axis switching'". Just as for bent — 
linear transitions (section 3a(/3)) axis switching will occur in asymmetric top transitions if 
the principal axes are not entirely determined by symmetry in one or both of the states 
involved. An example would be a bent XYZ molecule with a different angle in the 
upper and lower state. In such a case just as for linear — bent transitions the selection 
rule for K is 

AX = 0, ±1, ±2,... (11,118) 

where K may be Ka or Thus forbidden sub-bands [forbidden by the selection 

rules (II, 101-103)] may occur. Just as for forbidden sub-bands produced by Coriolis 
interaction the intensity factors in these forbidden sub -bands have an additional factor 
if or AXc is one removed from the normal value. If AX^ or AX^ differs by 2 
from a normal value the sub -bands can also appear on account of asymmetry but the 
part of the intensity due to axis switching has an additional factor 

It may be noted that axis switching will produce forbidden sub -bands independent 
of any other nearby electronic state while Coriolis interaction can do so only if a suitable 
third electronic state is in the neighborhood of the upper or lower electronic state of the 
transition. The only type of forbidden electronic or vibronic transition possible in 
molecules of sufficiently low symmetry (i.e., low enough for axis switching to occur) 
are g — g and u--u transitions. Axis switching cannot help to produce such transitions. 

Triplet — singlet transitions. As we have seen earlier (p. 242), spin-orbit 
interaction between two states of different spin S mixes the eigenfunctions of 
levels of different X : for AjS^ = 1 we have AX = 0, ± 1 for the interacting levels. 
Therefore in triplet — singlet transitions of slightly asymmetric top molecules, the 
selection rule AX — 0, ± 1 of singlet — singlet transitions is replaced by 

AX = 0, ±1, ±2. (II, 119) 

In addition, one finds for the quantum number N of the total angular momentum 
apart from spin 

AX = 0, ±1, ±2. (II, 120) 

At the same time of course the selection rules for the rovibronic species (Table 15) 
remain valid. For strongly asymmetric tops, sub-bands with AX^ = +2 or 
AXc = ±2 are allowed even in singlet — singlet transitions [see the general selection 
rules (II, 101-103)] but these sub-bands are usually quite weak. However, in 
triplet — singlet transitions they will have intensities of the same order as the 
AXa,c = 0, ± 1 sub-hands. 

For some molecules of higher symmetry, because of the rovibronic selection 
rules, not all AX in (II, 119) occur in a given triplet — singlet transition. For 
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example for a D^h molecule (assuming the 2 axis to be the top axis), in — 

— ^Bi^ — '^Ag and ^B^^ — '^B 2 g bands only transitions with AZ = 0, ±2 
can occur while in ^B^u-^Ag, ^B^^-^Ag, ^B^u-^Big, ^B 2 u-^B^g bands only 
transitions with AA" = + 1 can occur, as can easily be seen by writing down the 
rovibronic species for the rotational levels involved- In the transitions given, g 
and u and triplet and singlet can be exchanged and the order of the states can be 
reversed. 

As the symmetry of the molecule is reduced there are more and more transi- 
tions for which both A A = 0, + 2 and A A = ± 1 can occur. For the point 
groups C 2 , C 2/1 and Cg, only when the top axis coincides with the C 2 or is perpen- 
dicular to the plane of symmetry is there a restriction: A — A or A — 5 transitions 
of C 2 and C 2 /J and A" — A' of Q have only transitions with \K = 0, +2 while 
A — B and A’ — A\ A " — A " transitions have only A A = ± 1 , On the other hand, 
when the top axis is at right angles to the C 2 or in the plane cr, all electronic (or 
vibronic) transitions may have both AA = 0, x- and A A = +1. 

A detailed theoretical discussion of triplet — singlet transitions in slightly 
asymmetric top molecules has been given by Hougen (574). He has also derived 
intensity factors for all the branches of the various types of sub- bands. 

It is interesting to compare the selection rules for triplet —singlet transitions 
with those for transitions in which Coriolis interaction or axis switching is im- 
portant. Since the selection rule for A is the same in all three cases the same 
branches of sub-bands arise and therefore when such anomalous sub-bands are 
observed without resolution of the J structure it is not immediately obvious which 
of the three causes is responsible for the appearance of the anomalous sub-bands. 
However, in general both Coriolis interaction and axis switching can produce only 
a relatively weak occurrence of anomalous sub-bands; in order to produce a non- 
negligible intensity the former requires the presence of a second suitable electronic 
state nearby, the latter a substantial change of shape (i.e. of axes) in the transition. 
Even if these conditions are fulfilled the intensity of the anomalous sub-bands 
vanishes for low J but it increases rapidly with J. On the other hand in triplet — 
singlet transitions the intensity distribution in the branches is normal and even at 
low J the intensity of the anomalous sub-bands may be (but need not be) of the 
same order as that of the normal sub-bands. Furthermore it is only for triplet — 
singlet transitions that branches with AA = ±2 may occur, and it is only for 
triplet — singlet transitions that a Zeeman splitting in a magnetic field is 
expected. 

Several examples of triplet— singlet transitions in asymmetric top molecules 
are known: the 3900 A system of SO 2 [see Merer (822)], the 3970 A system of H 2 CO 
[Eobinson and Di Giorgio (1078, 278), Raynes (1059, 1060}], the 4200 A system of 
propynal [Brand, Callomon and Watson (140)] and the 4120 A system of acrolein 
[Brand and Williamson (145), HoUas (565)]. In none of these cases have the 
anomalous branches been observed. A further example may be provided by the 
absorption (and fluorescence) bands of HSiCl and HSiBr in the visible region. 
They do show in addition to strong sub-bands with AA = ± 1 somewhat weaker 
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sub-bands with i^K = 0 and ±2 [Herzberg and Verma (545)]. These can be 
readily accounted for if the electronic transition is assumed to be ^A" 
However, no triplet splitting has been resolved nor have branches with AiV' = + 2 
been observed. By assuming suitable parameters in Hougen’s formulae the 
weakness of the (S.N = ± 2 branches in the sub-bands with l\K = ± 1 could 
be understood, and these sub-bands are the only ones in which the absence of 
branches with AiV = ±2 has been well established. However, the possibility 
that the transition is singlet — singlet and the anomalous sub-bands are caused by 
axis switching cannot be entirely excluded. The possibility of Coriolis interaction 
as the cause for these sub-bands is excluded by the observation of '^Q{K = 0) 
branches which could not be caused in this way. 

Still another example is the 3700 A absorption system of symmetrical diazine 
(pyrazine). Here Innes and Giddings (607) observed Q branches with AZ =42 
in addition to the strong AiT = 0 transitions. It was therefore suggested by 
Herzberg (523) that the transition is triplet — singlet and this conclusion was 
strikingly confirmed by the observation of a large Zeeman splitting by Douglas 
and Milton (299). 

Magnetic dipole transitions. As pointed out in section 1 of this Chapter, 
magnetic dipole (and quadrupole) radiation can cause the occurrence of certain 
electronic transitions forbidden for electric dipole radiation. This statement 
applies also to vibronic transitions, i.e. when the interaction of vibration and electronic 
motion has been taken into account. Thus, for example, A 2 — A 1 vibronic transi- 
tions of C 2 U or Ag — A g vibronic transitions of C 2/1 which are rigorously forbidden 
for electric dipole radiation can occur as magnetic dipole radiation (see Table 10). 
The selection rules for J and K are the same as for electric dipole radiation but the 
rovibronic selection rule is reversed. Therefore, as is immediately seen from Fig. 
113, in a magnetic dipole ^2 “^1 transition the same sub-bands and branches occur 
as in an electric dipole A^ — A-^ transition; in particular, in the A' = 0 <-> K" = 0 
sub-band only P and R branches appear. According to the preceding discussion 
an A 2 — Ml vibronic transition can also be made to occur by Coriolis interaction or 
by spin-orbit interaction (that is, if it is '^M .2 — Mi) but in both these cases the 
rovibronic selection rule is opposite to that for magnetic dipole radiation. As a 
consequence the opposite rotational transitions occur as in an A^—Ai transition; 
in particular the K = 0 ^ K — 0 sub-band cannot occur at all by Coriolis inter- 
action and if produced by spin- orbit interaction it would have a strong Q branch 
and weak 0 and S branches (AiV = 0, +2) but no P and R branches. 

The only example of a magnetic dipole transition thus far known for poly- 
atomic molecules is observed in the near ultraviolet bands of formaldehyde. 
These bands represent a — Mi electronic transition (disregarding here the fact 
that the molecule is slightly off-planar in the excited state). The main bands are 
B 2 —A 1 vibronic bands; the O — O band is strictly forbidden as electric dipole 
radiation since it would be of vibronic type M 2 — Mi. Its actual occurrence with 
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a normal ij structure can, as was shown in detail by Callomon and Innes (178), 
only be accounted for by the assumption that this band and a few similar ones 
represent magnetic dipole radiation. 


4. Zeeman and Stark Effects 

Very little experimental \vork has been done on the Zeeman and Stark effects 
in electronic spectra of polyatomic molecules. On the other hand, a large amount 
of work has been done on Zeeman and Stark effects in microwave spectra and in 
molecular beam spectroscopy but this as well as the fields of nuclear magnetic and 
paramagnetic resonance are outside the scope of this book. We shall therefore 
give here only a brief discussion of the expected splittings of band lines in magnetic 
and electric fields based on the previous discussion of the splittings of the energ\' 
levels, and mention the few cases in which these splittings hav^e been observed. 

Selection rules. In an electric or magnetic field the component levels are 
characterized by the magnetic quantum number M (Chap, 1. section 4). The 
selection rule for this quantum number is, just as for atoms and diatomic mulecules 
(see Vol. I, p. 299), 

A3/ = 0, ±1 111.121) 

with the restriction 

M = 0 <-!-> J/ = 0 for A/ = (.). i ll. 122 i 

This selection rule holds for both electric and magnetic dipole radiation. However, 
while for electric dipole radiation the transitions with A3/ — tJ are polarized to 
the field and those with AM — ±1 are polarized J_ to the field the reverse polariz- 
ation applies to magnetic dipole radiation. 

If the resultant spin S is different from zero but not strongly coupled to the 
rotational angular momentum the selection rules (II, 121 and 122) apply also to 
the magnetic quantum number Jf v of the total angular momentum apart from 
spin (N). In addition we have for the magnetic quantum number of the spin: 

AMs = 0. (II, 123) 

This rule holds strictly only w^hen the interaction of spin and rotation is very 
small compared to the interaction of spin and magnetic field. It does not apply 
to intercombinations for which S is different in upper and lower state and which 
are made possible by the interaction of the spin with the other angular momenta. 
For these intercombinations 

AMs = 0, ±1. (11,124) 

Zeeman patterns. Splitting patterns for the lines of diatomic molecules 
were presented in Volume I, p. 302. The behavior of the lines of linear polyatomic 
molecules is the same in every detail as long as vibronic interactions can be 
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neglected. Thus in — transitions a splitting into 3(2J — 1) lines arises for 
every line of the P branch and into 3(2/ + 1) lines for every line of the R branch. 
However in general this splitting is extremely small since according to (I, 173) the 
over-all splitting for high J (between M — -\~J and M = — /) is given by 

ATf = hcAv = 2(g; - 

and since is usually less than 1 . It has not yet been observed in a single case. 
(For H = 10000 gauss, J — 20 and g'^ — g'^ — I the splitting would be 0.01017 
cm“^.) 

In contrast, the Zeeman splittings expected in ^11 — (or ^E — ^11) electronic 
transitions are much larger for low J since the level splittings in the 11 state accord- 
ing to eq. (I, 178) are of the order of Bohr magnetons rather than nuclear 
magnetons; but the splittings decrease inversely as / -f 1, while the number of 
components increases as before. Even this much larger Zeeman splitting has not 
yet been observed in a single case. According to (I, 176) the spin produces a large 
magnetic splitting of the levels; yet because of the selection rule (II, 123) the 
Zeeman patterns of multipiet E — E, II -~E, . . . transitions are the same as those 
of corresponding singlet transitions if both states belong to case (b). It is only 
when the coupling case or the multiplicity changes in the transition that the level 
splitting corresponding to the spin is directly observed in the spectrum. No 
examples have as yet been observed in linear — linear transitions of polyatomic 
molecules. 

For non-linear molecules in transitions between non -degenerate states the 
situation is similar to that for ^S — transitions of linear molecules. The line 
splitting is extremely small except at very high J values, but the dependence on J 
is more complicated than for linear molecules [cf. eqs. (I, 174 and 175)]. Similarly 
for multipiet transitions between orbitally non-degenerate states, as long as the 
multiplicity is the same in the upper and lower state, only very small line splittings 
arise because of the selection rule (II, 123). However, a large splitting arises in 
inter combinations if the spin is only loosely coupled to the rotation. For such 
transitions, according to the selection rule (II, 124) combined with the splitting 
formula (I, 176), we obtain a splitting of each line into three components separated 
by twice the ‘‘normal” Zeeman splitting {fXoH). Each component is again split 
into 3 (2 A — 1) or 3 (2 A + 1) components but this secondary splitting is of the 
order of of normal splitting. 

An example of a large Zeeman splitting, approaching for high / the normal 
Zeeman splitting, has been found by Douglas and Milton (298) in the near ultra- 
violet absorption bands of CS 2 . They have shown that these CS 2 bands represent 
a transition, the molecule having a C 2 V symmetry in the upper state 

(see p. 202). However, here a complication arises because the triplet splitting in 
the upper state is fairly large and only one of the triplet components (.^ 2 ) combines 
strongly with the ground state. With increasing N this triplet component becomes 
more and more mixed with the other triplet components and therefore an increasing 
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Zeonian splitting arises which approaches but does not reach the simple case 
described above. 

If one or both of the electronic states are degenerate, in general, on account 
of the energy formula (I, 179) for the splittings of the levels of a degenerate state, 
a large line splitting arises which is of the order of the normal Zeeman splitting:. 
However, just as for transitions of linear molecules the number of com- 

ponents increases with 2J -f 1 and only for the lowest J value can resolved Zeeman 
patterns be expected. The expected patterns for K'-K" sub-hands would be 
similar to corresponding patterns of A' -A" transitions of linear molecules (see 
Fig. 146 of Vol. I) except that on account of the factor in (I, 179) the scale of 
the pattern is different. No such patterns have been resolved but Douglas (294) 
has observed broadening of low J hues in the E"-A^ transition of XHg near IbCKl 
A, with an effective g value of about 0.6. 

Magnetic rotation spectra. An alternative way of studying the Zeeman 
effect of polyatomic molecules is by means of magnetic rotation spectra. As 
explained in more detail in Volume I, p. 306, these are spectra of the light trans- 
mitted by an absorption tube between two crossed nicols (polaroids) when a 
magnetic field is applied. Transmission will occur for those wavelengths for which 
a rotation of the plane of polarization has taken place, and a rotation of the plane 
of polarization will take place in the immediate neighborhood of magnetically 
sensitive lines, in the region of anomalous dispersion corresponding to these lines, 
if the applied magnetic field is sufficiently strong. 

According to the preceding discussion of Zeeman effects, electronic transitions 
between non -degenerate singlet states should not exhibit a magnetic rotation 
spectrum (except at extremely high fields). On the other hand, in transitions 
between a degenerate and a non-degenerate electronic state (^11 — — A4, etc.) 

a strong magnetic rotation spectrum should appear corresponding to lines of low J. 
Because of the restriction to low J, a considerable simpKfication of the spectrum 
compared to the absorption spectrum should result. While such a simplification 
has been found for some diatomic molecules (see Vol. I, p. 306) no good example is 
known for polyatomic molecules. 

For transitions between non -degenerate doublet states a magnetic rotation 
spectrum may be expected (not restricted to low J) if the uncoupling of the spin 
from the rotation proceeds at different rates as a function of N in upper and lower 
state. (For complete uncoupling, because of the selection rule = 0, no 
Zeeman splitting and therefore no magnetic rotation spectrum is expected.) An 
example has been found in the visible absorption spectrum of NOa, first by Wood 
and Dieke (1318). Recently this spectrum has been studied under high resolution 
by Douglas (294a). The simplification of the spectrum is not as great as expected 
and a full analysis has not yet been achieved. For another doublet transition, the 
visible and near ultraviolet CIO 2 hands, no magnetic rotation spectrum was 
found [Eberhardt and Renner (340)] presumably because the spin is largely 
uncoupled in both upper and lower state. 
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The greatest interest attaches to the magnetic rotation spectra corresponding 
to singlet ~ triplet transitions. Tor these transitions always a large Zeeman 
splitting arises and therefore a strong magnetic rotation spectrum is expected. 
The first such magnetic rotation spectrum was that of CS 2 studied 25 years ago 
by Kusch and Loomis (702) although at that time it was not recognized as a 
triplet — singlet transition (see p. 272). More recently Eberhardt and Renner (340) 
have discussed several cases of such transitions; for example, they confirmed in this 
way that the formaldehyde absorption bands in the region 3970-3600 A represent 
triplet -- singlet transitions. The main singlet — singlet transition at 3500-3000 A 
shows magnetic rotation only in one band, probably on account of a perturbation 
caused in the singlet upper state by the triplet state. Another good example is 
glyoxal (see p. 539). Kusch (701) has recently rediscussed the old results of Kusch 
and Loomis on CS 2 and found them to be in agreement with the assumption that 
a magnetic moment develops through rotational distortion so that maximum 
magnetic rotation occurs for fairly high J values in P and R branch giving rise, 
under low dispersion, to characteristic doublets. This explanation is in accord 
with Douglas and Milton’s (298) and Hougen’s (576) interpretation of the Zeeman 
effect of CS 2 quoted earlier. 

One important condition for the appearance of a magnetic rotation spectrum, 
emphasized by Eberhardt and Renner (340), is that the absorption lines must be 
sharp enough so that they can be split by the magnetic field used. No magnetic 
rotation spectrum is therefore expected for slightly predissociated absorption 
bands even if they fulfil the other conditions. This seems to be the reason that no 
magnetic rotation spectrum corresponding to the ultraviolet absorption system of 
NO 2 has been found. 

The theory of magnetic rotation spectra, particularly of the triplet — singlet 
kind, has recently been developed by Hameka (467). 

Stark patterns. As we have seen in Chapter I, section 4, if a symmetric 
top molecule has a permanent electric dipole moment the splittings of the energy 
levels in an electric field in a first approximation are entirely similar to those in a 
magnetic field and therefore, since the selection rules are the same, the Stark 
patterns of the lines in an electric field are also similar : we expect a splitting into 
3(2*7 + 1), 3(2 J) and 3(2 J — 1) components for R, Q and P lines respectively. 
The over-all splitting except for the lowest J values is given by 

AIT = AcAr = {yu' - fj.")E 

where fi' and /x" are the dipole moments in the upper and lower states. As in the 
Zeeman patterns the over- all splitting decreases with increasing J but increases 
with K. 

The intensity distribution within each Stark pattern is again similar to that 
in corresponding Zeeman patterns (see Eig. 146 of Vol. I). It is different for the 
light that is polarized parallel and for the light that is polarized perpendicular to the 



II, 4 


ZEEMAX AXD STAEK EFFECTS 


field direction. For the i| component of lines and the __ com} 3 fjiients of R and P 
lines there is zero intensity in the center and a maximum of intensity at the edifes 
of the patterns and therefore even though a complete resoiution may not be 
possible a separation into two “lines"' is more easily achieved for tiiese eoinporieiits. 
Such a resolution was recently obtained by Freeman and Klemperer for 

several lines of H 2 CO. Although this molecule is not rigorously a symmetric top. 
for the lines of higher K values investigated by Freeman and Klemperer it is 
sufficiently close to a symmetric top that the simple formulae given above and in 
Chapter I can be applied. From the magnitude of the splitting one obtains 
directly ft' — ft" and therefore since ft" is known from the microwave spectrum, 
the dipole moment ft' in the excited state is obtained. For H 2 CO Freeman and 
Klemperer find ft' = 1.48 + 0.07 debye compared to ft" = 2.34 4 0.02 debye for 
the ground state. Similar studies for other molecules promise to give interesting 
information about the distribution of charges in its dependence on the electron 
configuration. 

The preceding considerations apply also to linear molecules with non-zero 
dipole moments as long as in at least one state A ^ 0. For I! — Z transitions, just 
as for A" = 0 K" — 0 sub-bands of symmetric tops, no first order Stark splitting 
arises. For E — A or E~E transitions of symmetric tops the effect of finst order 
Coriolis interaction on the Stark patterns must be considered. This has not yet 
been done. Nor have Stark patterns for electronic bands of asymmetric tops 
been considered. 

As in magnetic rotation spectra, if the absorption tube is placed between 
two crossed nicols, upon application of an electric field, transmission will occur in 
the neighborhood of those lines that are sensitive to the electric field: we have a 
Kerr effect spectrum. Such an effect has been observed for H 2 CO by Freeman 
and Klemperer for the same lines for which they observed Stark splittings. 

Buckingham and Ramsay (159a) have recently used the Stark effect to 
modulate lines of high K and low J in the absorption spectrum of HoCO. By 
using different directions of polarization it is possible to distinguish Q lines from P 
and R lines. 
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BUILDING-UP PRINCIPLES, ELECTRON CONFIGURATIONS 
AND STABILITY OF ELECTRONIC STATES 


In the first two chapters we have taken, the existence of various stable 
electronic states of a polyatomic molecule for granted and have considered the 
types of electronic states, their vibrational and rotational levels as well as the 
structure of the spectra arising from transitions between them. We shall now 
study the problem of what particular electronic states a given molecule is expected 
to have from theory. In other words we shall try to understand, on the basis of 
quantum theory, the manifold of electronic states, their relative positions and their 
stability in a way similar to that attempted in Chapter VI of Volume I for diatomic 
molecules. 

As for diatomic molecules, we can determine the manifold of electronic states 
of a polyatomic molecule by making use of building-up principles : 

(1) we may build up the molecule from the separated atoms or groups of atoms, 
or 

(2) we may build up the molecule by starting out from the united atom or 
molecule, or 

(3) we may build up the molecule by adding the electrons one by one to the 
fixed nuclear frame obtaining various electron-configurations. 

For polyatomic molecules, unhke diatomic molecules there is an additional 
way of deriving the term manifold; 

(4) we may form the molecule in its actual conformation by starting out from 
a conformation of different (higher or lower) symmetry. 

After we have in one of these ways determined the manifold of the electronic 
states we must investigate the question which of these states are stable and what 
is their relative order. This will be done in the last section of this chapter. 

1. Correlation of Electronic States 

The building-up principles (1), (2) and (4) consist essentially in establishing the 
correlation rules for electronic states of polyatomic molecules. This matter is 
somewhat complicated compared to diatomic molecules because now there are 
several ways in which the molecule can be separated into atoms or groups of atoms 
and also several ways in which the atoms of the molecule can be brought together 
to a united atom or molecule. For example, the HCN molecule may be built up 
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from H + CN or HC + IST or H + C + N. The united atom is Si {with. 14 
electrons) but we may also consider the united molecule AlH (by uniting only C 
and N) or Ng (by uniting only H and C). 

(a) Derivation of molecular electronic states from those of the united atom 
or molecule 

The united atom or molecule has in general a higher symmetry than the 
molecule considered (e.g. H 2 CO O 2 S). In order to obtain the molecular 
electrordc states corresponding to a given state of the united atom (or molecule), 
we must therefore resolve the species of the latter (of point group P) into the species 
of the point group (Q) to which the molecule belongs. This resolution is readily 
done by finding for the species in question in the character table of point group P 
(see Appendix I) the characters for the symmetry elements of point group Q, 
These characters belong either to a certain species of Q or to a sum of certain 
species of Q which are thus determined (see Vol. II. p. 236). In Table 58 of 
Appendix IV this resolution is given for the first ten species of the spherical point 
group of free atoms (viz., the point group Kf,, see Table 55 of Appendix I) into 
those of point groups Of,, T^, Def,, C 3 ,, D. 2 t. Cs-, and 

Similarly Table 59 of Appendix IV gives the resolution of the first twelve species of 
point group D^f, into those of Cq^, C 3 ,., D 2 J, Dg.,. C 2 ,, C 2 . and Cg. 

For D 2 }i, C 2 V, C 2 h and Cg the correlation is given for several possible orientations 
of the symmetry elements of D^f, with respect to those of the point group 
considered. 

The correlation between the united atom and the point group D ^ is of course 
the same as that for diatomic molecules as first derived by Wigner and Witmer 
(1298) (see Vol. I, p. 322). The other correlations were first derived by Bethe 
(116) and MuUiken (890). 

The correlations of Table 59 are implicitly contained in Table 58 but are given 
explicitly for the convenience of the reader. Similarly Table 60 of Appendix IV 
gives correlations for a few other point groups all of which are implicitly contained 
in Table 58 and indeed have been given in Table 53 of Volume II (p. 237). 

Tables 59 and 60 can also serve for the correlations with a united molecule of 
any of the point groups given and can easily be extended to those point groups 
which are not given explicitly. However, care must be taken concerning the 
relative orientation of the symmetry axes of the point groups involved. Corre- 
lation with is obtained from that with by simply omitting the subscripts 
g and u; similarly correlation with D 3 is obtained from that with by omitting 
the ' and ", etc. (see the footnotes of the tables). 

As long as spin-orbit coupling is small, the spin is conserved in the correlation 
between molecule and united atom, that is, e.g. a triplet state of the molecule can 
only be correlated with a triplet state of the united atom (or united molecule). 

If the spin-orbit coupling is not small, then we must correlate the species of the 
total eigenfunction including spin. The determination of the species of the total 
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oigenfunction has been discussed in Chapter I, p. 17f. The correlation of the two- valued 
species characteristic of half- integral spin values is contained in Tabic 56 of Appendix II 
The species D}, of atoms {S = J) correlates with E}, or Eig or 2i?> while correlates 
with Gfg of the cubic point groups or Ei + E^ or E.ig + E^g or E^ + 2^1 or Ei -f Ei 
or Eig + Etg or 2Big + 2Big of point groups of lower symmetry. 

In order to illustrate the application of the correlation rules let us consider a 
few examples: 

The united atom of CH4 is Ne. Assuming tetrahedral symmetry for CH4 
(point group T^), we obtain from the low^est states of Ne according to Table 58 the 
molecular states in the second column of Table 17. On this basis one expects the 

Table 17. Correlation op the lowest states of Ne with those of CH 4 , NHg, H2O 


United atom: 

Ne 

CH4 

NHa^ 

H20^ 

ls^ 2 s^ 2 p'^ 

^Ai 

^Ax 


ls^ 2 s^ 2 p^*Ss 


+ ^E 

Ml + Ml + M2 

^P 

u 


^Ax + ^E 

Ml + Ml + M2 



^Ax + 23 ^ 

2 Ml + M2 + Ml + Ml 


^E + ^¥2 

^Ax + 2 ^E 

2 Ml + M2 + Ml + Ml 



3^2 + ^E 

M2 + Ml + M2 


^E^ 

^2 + ^E 

M2 + Ml + M2 



3 A, 

Ml 

^Sg 



Ml 


The numbers in front of the species symbols indicate the number of times a given species occurs if 
that number is greater than 1 . 


ground state of CH4 to be a state. The first excited state ^P of Ne gives a 
state of CH4, and so on. In a similar way the second and third columns of 
Table 17 give the electronic states of NH3 and H2O corresponding to those of Ne 
(which is again the united atom) assuming point groups and C2y, respectively, 
for these molecules. For H2O, for example, the ^Dg state of Ne gives rise to five 
electronic states ^Ai, ^Ai, ^^2 5 degeneracies remain. 

The united atom of CH3 and NH2 is F. Table 18 which is similar to Table 17 
gives the electronic states of CH3 and NHg that result from the lowest states of 

Table 18. Correlation of the lowest states of the F atom with those of CHg 

AND NHg 


United atom: 

CH3 


NHa 

F 

Dqii 

Csv 

L^toh. Uau 

ls^ 2 s^ 2 p^ 

-h ^E' 

Ml + ^E 

+ mu Ml + "Pi -f M2 

1^22522^435 4 p^ 


M2 + ^E 

Ma + Ml -f Ma 


+ ^E" 

Ms + ^E 

+ mg Ma + Ml + Ma 

ls^ 2 s^ 2 pnp 

^A'i + ^E' + ^E" 

Ma + 2 

M- + + M, Ml + 2 Ma + Ml + Ma 


^A'[ + W + ^E" 

Ma + 2 

M- -f Ml -f 2 Ma + Ml + Ma 


MI 


M” Ma 


MI 


Ma 
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fluorine under the assumption that CHg is planar (point group or non-planar 
(point group CgJ and that NHg is linear (point group or non -ii near (point 

group C2u)- Here the ground state of the united atom gives rise to several mole- 
cular electronic states, one of which would normally be the ground state of the 
molecule. The others are likely to be low-lying states of the molecule. 

As a third example we give in Table 19 the molecular electronic states of CM. 
that result from the low-lying states of the united atom, 0, both for a linear and 
non-linear conformation of the molecule. 


Table 19 . Correlation of the lowest states of the O atom with 

THOSE OF CH2 


0 

■Dx. 

CH 2 

^2v 

ls^2s^2p* 

"X- 4. 3 II, 

A-I 2 -f -f "Po 


-f Hlg -f- Ag 

2 h4, -f his -f 'Pi - 'P 2 

IS’ 

1 V i- 

'At 

Og 




5 V — 

hi 2 




3P 

sy- _i. 5rT 

— <g 1 

hl2 - "Pi ^ 


For molecules containing more than one heavy atom, it is often of greater 
interest to consider the correlation to a united molecule than to the united atom. 
The united molecule of both H2CO and C2H4 is the O2 molecule. In Table 2 o on 

Table 20. Molecular electronic states of H 2 CO 
AND C2H4 arising from THE LOWEST STATES OF Uj 


O2 

H2CO (Cad 

C2H4 {D 2 A 

3V- 
— 'g 

CO 



Ki, + Ki, 


1 v + 
^9 



3y + 


"Si, 



*- 4 , 

"A. 

-F 3^2 

"- 4 , + "Si, 


the basis of Table 59 of Appendix IV, the correlation is given for the lowest states 
of O2, assuming H2CO and C2H4 to belong to the point groups C2: and D2h, 
respectively. Since the first two excited states of O2 lie very low, there is no reason 
to expect the ground states of O2 (®Sg") to correspond to the ground states of 
H2CO and C2H4 and indeed the observed ground states are ^Aj and ^Ag respectively 
which caimot arise from of the united molecule. 

(b) Correlation of electronic states for different conformations of a given 

molecule 

It is frequently of interest to know in w'hich way the species of a molecular 
electronic state changes when the molecule is distorted into shapes belonging to 
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different point groups. One may, for example, ask into Avhich states the states of 
normal planar (point group Dzk) go over when the two CH2 groups are 

rotated about theVj=C axis so that they are in planes at right angles to each other 
(point group £>21). or similarly how the states of staggered CaHg (point group Dsa) 
are correlated witii those of eclipsed CsHg (point group D3J. Such questions can 
readily be answered by recourse to Tables 59 and 60 of Appendix IV. They are 
closely related to the question of the correlation of vibrations of isotopic molecules 
of higher and lower sraimetry, a question that was considered in Volume II, 
Chapter II 6. In particular, Table 53 of Volume II (p. 237) gives a number of 
such correlations (see also Table 60, p. 577). However, for the study of electronic 
structures some additional correlations, which are of no interest in vibrational 
problems and were therefore not included in Volume II, are now of particular 
interest. A few such correlations are presented in Table 21, including the above 
mentioned cases of C2H4 and C2HS. 


Table 21. Corbelation of species of 

DIFFERENT POINT GROUPS CORRESPONDING TO 
DIFFERENT CONFORMATIONS OF A GIVEN 
MOLECULE 


^ 2 h ■ 

D2 


Bsd 

D3 


A, 

Au 

A ^ 
A I 

1 or 

A\g 

Alu 

/ 

Ai or Al 

Bi, 

B, J 

1 -1 2 B2 

“^ 2 g 

A2U 

A2 \ 

^2/ 

A 2 or A 3 

Pssr 

P 2 u 

B2 'i 

B2 J 

1 B 

Bg 

Bu 

JE / 

E' or E" 

B3, 

Bs ' 
B2I 

1 B 




Ei 2 v ^2 ~~ 





Ai 

A2 

A '1 

/ 

Ag or Au 




Bi 

B2 

B I 

Bg or 





There is one important difference between the Tables 59 and 60 (as weU as 
Table 53 of Vol. II) on the one hand and Table 21 on the other. When the species 
of a point group of higher symmetry P are resolved into those of a point group of 
lower symmetry Q (but such that all symmetry elements of Q are also symmetry 
elements of P), the correlations are always unambiguous. But the reverse cor- 
relations are not always unambiguous. For example, an Ai state in point group 
tesult from an 8g, or P or Dg, or Fg, — state of a united atom, or from 
an A I or F 2 stete of a molecule. There is no way of telling from the correlation 

ruies which is correct. The same ambiguity arises when one wants to correlate 
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the species of two point groups of different but equally high symmetry. Thus in 
the example of C 2 H 4 (or C 2 H 6 ) when the two CH 2 (or CH 3 ) groups are twisted with 
respect to each other, first a conformation of lower s^nnmetry is formed (D 2 for 
C 2 H 4 , D 3 for C 2 He) and the correlation from this point group of lower symmetrv to 
the final point group of higher symmetry is ambiguous. Thus the .4^ state of 
planar C 2 H 4 can go into an or a state of perpendicular C 2 H 4 , or conversely, 
an Ai state of perpendicular C 2 H 4 can go over into an . 4 ^ or an A,, state of planar 
C 2 H 4 , and similarly in other cases. In Table 21 the species of the intermediate 
point groups are included. 

In Tables 58 and 59, the columns for the point groups D 2 h and Dgd or for 
D^h seem to have a one-to-one correlation, but this is only apparent 

since these tables only give the resolution of the species of a point group of high 
symmetry into D 2 d) hut not the actual correlation between D 2 .»i 

and D 2 d or between Dqj^ and which depends on the path chosen. On the 

other hand, if one asks, for example, which states in non-linear C 2 H 2 of € 2 ^ or ^2fi 
symmetry arise from a 2 + state of linear C 2 H 2 , it is clear that only the states Ai 
and Ag respectively arise, that is, of C 2 V goes over into Ag of if one goes via 
the linear conformation and knows that one is dealing with a Zg state. But if 
one starts with Ai of without knowing the corresponding state in the linear 
conformation, then one can only conclude from the correlation rules that the corre- 
sponding linear state is 2 / or or or <!>„, etc., and therefore that the correspond- 
ing state of the Cg/i conformation is Ag or A^ or Eg or The correlation via the 
C 2 form, that is, by twisting the C — H bonds around the C — C bond, gives a less 
ambiguous result showing that only Ag or ^4^ can result from Ai of C 2 ;, (Table 21). 

Again, in all these correlations there must be spin conservation as long as 
spin-orbit coupling is small, that is, singlets correlate with singlets, doublets with 
doublets, etc. 

(c) Derivation of molecular electronic states from those of the separated 

atoms or groups of atoms 

Like the correlation with the united atom or molecule, the correlation between 
the electronic states of a polyatomic molecule and those of the separated atoms or 
groups of atoms can be obtained by an appropriate generalization of the Wigner- 
Witmer rules for diatomic molecules (Vol. I, p. 315f). 

(a) Linear molecules 

Unsymmetrical molecules (point group Ca,v)- For iinsjunmetrical linear 
molecules we can use the vector model in order to derive the molecular electronic 
states from those of the separated atoms or groups of atoms. As for diatomic 
molecules we obtain the possible A values by algebraical addition of the 
values of aU atoms (or groups of atoms). 


(in. 1) 
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w heix- Ml for eaeh atom takes the values L^, L, - 1, . . . , - A- The possible 
total spin, values S are obtained by vectorial addition of the individual spin values 

5.. that is 

5 = 


For tile (|iiaiitum number S this means that we have to form partial resultants 

aeeorciing to the usual rule: 


S.,. = S, 4 “ Si -r Sf. — 1 , - . \Si 


(HI, 3) 


which are then added according to the same rule. For example, for four atoms 
with spins .S', , .S3, we have for the quantum number of the resultant spin 

S = S 12 + **^345 *^12 + ^34 I3 • • - 3 1^12 “■ 

*w lj[.^r*o 

.S'i2 = Si + S 2 , Si S 2 — I5 • • .j 1^1 ^2! 5 

'‘S'34 = S3 -t S^, S3 4“ S^ — 1, . . .j \Sq ^4l* 


The I states resulting from (III, 1) occur in pairs if at least two are different 
from zero. The members of a pair differ by a reversal of the signs of all M^. 
values. One of each pair is the other E". The one E state which is not a 
member of a pair is that state which arises when all Ml^ = 0. This state, as for 
diatomic moleeuie.s, is E^ or E" depending on whether the sum 


Li -r L 2 + 1*3 S ^ 2 + 2 ^'2 + 2 ^^3 

is even or odd, respectively (see also below). Here the sums 2 h extended over 
ail the electrons in each atom; even or odd 2 h corresponds to even or odd parity 
(g or u). 

As an example, consider the building-up of the HCN molecule from its atoms 
ill their respective ground states, i.e., ^Sg, ^Pg and "^S^. Since only one is 
different from 0. the value of A is determined by this Xj alone according to (III, 1), 
that is, A == 1 or 0; in other words we have a 11 or a E state. The addition of the 
spins gives for the resultant spin the values S — 3, 2, 2, 1, I, 0, Thus we have the 
molecular states: ^E, two ^E, two ^11, two ^E, two ^H, "^E, '^H, Here the E 
states according to the above rule are aU E . 

As a second less simple example, consider the states of FCN that arise from 
the atomic states ^P^. ^Pg, (that is, we assume the F and C atoms to be in their 
ground states but the X atom to be in its first excited state) . The formation of the 
resulting A values according to (III, I) gives the states E(9), 0(8), A(6), ^(3), F, 
w’here the numbers in brackets give the number of times a given species occurs 
(if it is >1); the vector addition of the Si gives ^ = 2, 1, 1, 0. Of the nine E 
states five are S"", four are E“. Thus, w^e obtain the states: ^S + (5), ^S-(4), 
m{H), U(6), 10(3), T, 3S-(10), ^E-(8), 3n(16), ''A(12), 30(6), ^r{2), 5S + (5), 
*E-(4),sn{8),SA(6), ^0(3), ^F. 

It is clear from these examples that this t3rpe of correlation does not greatly 
iwtrict the niimber of po^bilities and is consequently not very useful. A more 
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useful correlation is obtained if we consider the building-up from smaller molecules. 
If an atom with orbital angular momentum L and a diatomic molecule with orbital 
angular momentum about the internuclear axis are brought together to form a 
linear molecule, the resultant A is given by 

A = (IILla) 

where = L, L — 1,..., ~~L and — + A^, while the resultant spin is as 
before given by (III, 2). Thus if HCX is formed from CH in its ground state (^FI) 
and N in its ground state {^S), we obtain only one A value, viz. A = 1 while the 
resultant spin is ^ = 2 or 1; in other words, we obtain HCN in a or a ^11 state. 
If the N atom instead is in its first excited state more A values arise, viz. 
A = 3, 2, 1, 1, 0, 0 which are now to be combined Avith the spin values 0 and 1. 
Thus w’e obtain the states + , ^11(2), ^A, ^11(2), ^A, ^0 of 

HCN. 

These examples and several others are collected in Table 22, where, however, 
the multiplicities are omitted since they can always be easily derived from (HI, 2). 
Each of the resultant states giA'en occurs with each of the possible multiplicities. 
Naturally the states arising from a given set of say three atoms in certain states 
must be the same as those obtained by first bringing two atoms together and then 
combining the resulting states of this diatomic molecule with the state of the third 
atom. This rule can easily be verified in the example of HCN. 


Table 22. Electronic states of linear mole- 
cules RESULTING FROM THE STATES OF UNEQUAL 
SEPARATED GROUPS 


States of separated groups 

Resulting molecular states 

Sg + orSu + 2- 

V i- 

Sg + S- or^„ 4- 2- 

V - 

Sg + n or Sy, + n 

11 

Sg "I" A or Sy ~r A 

A 

Pg 4- or Py + S- 

1 2 -, n 

Pg 4- S- or Py 4- 2 + 

2 -, n 

Pg + U or Py 4 - n 

2-, 2% n, A 

Pg + A or Py + A 

n, A, 0 

D, + S+ or + 2- 

2-, n, A 

Dg 4- 2" or Dy + 2 + 

2-, n, A 

Dg + U or jDy 4- n ! 

2-, 2 ", n, n,A, 0 

Dg + A or Py 4- A 

2 +, 2 ", n, A, 0. r 

4- 2“^ or 2“ 4- 2" 

V-i- 

2+ 4- 2” 

V- 

+ n or 2 - 4- n 

n 

4- A or 2” + A 

A 

n 4- n 

2-^, 2“, A 

n 4- A 

n, 0 

A 4- A 

2^, 2", r 
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If two diatomic or linear polyatomic groups are brought together to form a 
linear molecule the resultant A is clearly given by the sum of the Mi^ (= + Aj) 
values while the iiiiiltipiicities are obtained as before. The lower part of Table 22 
gives the most important examples of this type. It can easily be extended to 

indiide higher values. 

The question of whether the resultant S states in such cases are or 2~ 
is easily answered since in a first approximation the wave function is a product of 
the wave functions of the component s 3 ’stems, that is the resultant species are 
obtained from the direct product of the component species (see Table 57 of Appen- 
dix III). Thus S* 4- 1'" as well as Z" + S" gives while Z+ + gives 
Z " . If one component system is an atom, we must first resolve the atomic species 
according to Table 58 into those of point group Coo^ and then form the direct 
product. In this way we see that + Z-^ gives Z~ and 11 because Pg is resolved 
into Z and 11 , and similarh^ in other cases. 

As an example consider the molecule HCCF built up from CH + CF. Both 
parts have ^0 ground states, and therefore from Table 22 we see that the states 
^Za ^Z-, ^A, ^ZA ^Z", ^A will arise. 

In the previous example of HCN the combination of the ground states of CH 
(^11) and N (^8) does not give rise to a ^Z state. On the other hand the infrared 
spectrum shows the ground state to be ^Z. Thus w e conclude that HCN in its 
ground state does not dissociate adiabaticall^" into the ground states of CH and N 
even though it does dissociate into the ground states of H {^8) and CN (^Z). In 
a similar w’a\’ one finds that the N 2 O molecule in its ^Z ground state cannot 
dissociate into N 2 4- 0 in their ground states (^Z -1- ^P) nor into N 4- NO in their 
ground states + ^H). Such conclusions are of importance for a discussion of 
the unimolecuiar decomposition of these and other molecules (see Chap. IV). 

Symmetrical molecules (point group D If two identical linear groups 
are brought together to form a linear molecule the resulting states are also easily 
derived. If the identical groups are in different states we can use the previous 
methods (lower part of Table 22) except that every one state of the previous treat- 
ment now' occurs twice, once as a ^ state and once assbu state. This is because the 
same states arise when the excitation energy of the tw'o parts is exchanged and the 
resolution of this resonance degeneracy" leads to a splitting into a g and a u state 
just as for diatomic molecules formed from identical atoms in different states. 
For example a CH radical in the ground state and another in the excited 
state give rise to the states and of C 2 H 2 

(see Table 22). 

If the two identical groups are in the same states, there is no resonance 
degeneracy and therefore only as many states arise as for unequal groups (Table 22) 
but mme of these states are g and some are u, and this symmetry character 
alternates for the different possible spin values in the same way as for diatomic 
molecules. Table 23 shows the r^ults of a group-theoretical consideration for the 
most impwtant [see Kotani (639)]. One sees, for example, that if two CH 
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Table 23. Elbctkomc states of symmetrical LI^’EAH molecules 

EESULTING FBOM IDENTICAL STATES OF THE SEP ABATED EQUAL GEOUPS 


States of separated groups 


Resulting molecular states 


1S+ + 

2S+ + 

3S+ + 3S-' 

m + in 
m + 

lA + lA 
2A + 2A 
3A + 3A 


or IE- + IS" 
or 2S- + 2 £- 
or 3S- + 


1V+ 3y + 

— Ig , J-iU 

iy+ 3y+ 5V + 
iy+ ly- lA 

1 S+ ^E- 3 y+ 3 y- 3 a 

*~^g 9 -^u f f *-*u 

iy+ iy~ lA sy-J- ay- 3 a 5y+ sy- 5\ 

-Jg , -Jy , i_ig, -Jjj , -Jg , iAy, -Jg , -4 y 

1V+ IV- lU 
> •*• g 

1V+ ly- ip 3y+ 3y- sp 

■^g > > -•- gj ■‘^u » —'g > •*• u 

iy+ ly- ip 3y+ 3y- 3p sy-s- sy- sp 

‘^g 9 9 ■*■ g» 9 — 'g » ^ U9 *-^g 9 9 •*■ g 


groups in their ground states are brought together, only the states iE„ , 
lAg, , "Eg- , "A, of C 2 H 2 result. 

In order to determine the electronic states from the separated atoms, we can 
again proceed in much the same way as for unsymmetrical molecules, except that 
we have to treat each pair of identical atoms together and determine, according to 
the Wigner-Witmer rules, the molecular states resulting from it. The resulting 
states for the various pairs of identical atoms are then combined by the same 
rules as before. 

As an example, let us consider the formation of linear CH 2 from its three 
atoms. The two H atoms in their ^8 ground states give the molecular states 
iSg^ and "E^ (as for H 2 ) and the carbon atom in its "Pg ground state gives accord- 
ing to Table 58 in a field of D^o/t symmetry the molecular states "Eg" and "Ilg. 
Combining the states of H + H and C then gives the following states of linear 
CH 2 : 1E-, "Eg-, "E-, "Rg, "n^, "E-, in Table 24 a number of simUar 

examples are collected including the examples of unsymmetrical molecules 
previously discussed. 

It remains to consider the building-up of a sjunmetrical linear molecule from 
unlike groups, for example, forming a symmetrical XYg molecule from XY -f Y. 
Clearly we must proceed in the same way as for unsjnnmetrical molecules obtaining 
both the A and 8 values of the resultant states. However, we do not obtain in this 
way the g, u symmetry of these states. The reason for this lack of specificity of the 
correlation rules lies in the fact that wu start out from an unsjunmetrical con- 
formation of point group Coou in which g and u are not defined, while in forming the 
molecule from equal parts at each stage the symmetry is and g and u are 
defined. Thus, even for symmetrical molecules if we start out from separated 
unlike groups, Table 22 contains aU the information (except for the spin) that we 
can obtain directly. 

In some cases it is possible to obtain information about the g, u symmetry 
indirectly by comparison with the result of building up the molecule in a sym- 
metrical way. As an example consider the linear CH 2 molecule. If we bring 
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together li{^S) + CH(2n) in their ground states, according to Table 22 and the 
spin rule (III, 2) we obtain the molecular states and but it is not possible 
to say whether these states are g or u. If, however, we bring the atoms together 
symmetrically in their ground states we get the molecular states given in Table 24. 
Among these is only a single ^11 state which is ^11^, and, since the ground state 
of CH is formed from normal atoms, the ^11 state obtained from -f CHf-Il) 

must be this ^11^. Similar information about the state cannot be obtained 
since, according to Table 24, there are two ^II states, ^II^ and ^II^ which result 
from Jl{^8) + C(^P) + Bl(^S) and it is not possible to say unambiguously which of 
these two corresponds to the ^11 state resulting from H(2>8) + CH(2n). 

Actually, from energy considerations and by comparing with the states 
resulting from H + C + H, an answer can be found in the present case, viz., that 
the state from H + CH is However this result cannot be generalized. 

For example for C 2 H 2 formed from H(2,S) + C2H{2n) the two FI states are ^Flg 
and 

(P) Non-linear molecules 

Building-up from individual atoms. If we want to study the question 
as to what molecular electronic states of a non-linear molecule arise from given 
states of the separated atoms, we must proceed in a way similar to that used for 
linear molecules, that is, we must, following Kotani (689), first determine the states 
of each set of identical atoms in the point group of the complete molecule and tiieii 
compound the results of all the sets in order to get the states of tiie molecule. 

Consider the formation of a non-linear XYZ molecule (point group Cj from 
X, Y and Z. We must resolve the species of X, Y and Z into those of the point 
group Cj using Table 58 (Appendix IV). For example, if the atomic states are 
^Sg, and ^Pg as in HNO, we find ^A', "^A" and ^A' 4- + ^A \ respectively. 

According to the rules for the direct product (Table 57 of Appendix III), we find 
for the species of the resulting molecular states A'\ A' and A'. The multiplicity, 
as in the Hnear case, is obtained by the vector addition of the S vectors (eq. Ill, 2) 
and this yields in the present case- the resultant spins 3, 2, 2, 1, 1, 0, that is, we 
obtain the molecular states ^A'(2), h4", ^A'(4), ^A"(2), °A'(4), Y4''(2), "A'(2), "A". 

In the formation of a non-linear XY 2 molecule (point group C 2 J from X and 
2Y, we must consider the two Y atoms together as a diatomic molecule and then 
resolve the species of obtained into those of taking account of the fact 
that the two-fold axis of € 2 ^ is at right angles to the of As an example, 

consider that the Y atoms are in a ^Sg state and the X atom in a ^Pg state as in the 
formation of H 2 O (or non-linear CHg) from ground state atoms. The two Y^ 
atoms, according to the Wigner-Witmer rules, give the states and of Y 2 
which, when resolved into give, according to Table 59, ^A^ and ^£ 2 - The 
^Pg state of X gives on resolution (Table 58) ’^A 2 + ^Bi + ^^ 2 . Combining the 
states of Y 2 and of X (i.e. forming the direct product) we obtain 

^Ai X ("A2 + + 3^2) - ^A 2 + + ^^2 



BUILIJIXG-VF PE1XCIPLE8 


in, 1 


In other words we obtain the states ".4j. ^.42- ^Bi, ^Ai, ^^42(2), ^Bi{2), ^B^, 

-A.., ^ Bj. If one of the Y atoms were in an excited ^8^ state, then the four states 
^ Y; , ^Y.; , "^Y; , ^Y.; of Ys would arise which give L4j, ^B^. ^Bz in Cs^ sym- 
nii'trv. 'combined Vith (= "^4o 4- they give the following states 

of XY2: ^‘Pi(2). ^B^. 3.4d2), ^^42(4), ^B,{ 4 ), ^B^( 2 ), ^A,, ^A,i 2 ), 

Tlic situation is less simple if we w'ant to bring together three identical atoms 
X to form a triangular molecule of point group Pg^. Suppose the three atoms 
are in identical states and let us first bring the molecule together unsym- 
metrieally, that is, let one X atom approach the other two in a conformation of 
point group €21- The two latter atoms considered together form, according to the 
above, the states ^4^ and ^B2, while the single atom forms a ^A^ state. The 
product of these species yields the states ^Ai, ^^2 ^^2 of X3 in the conforma- 

tion of an isosceles but not equilateral triangle. The same states (with different 
orientation of the 2 axis) arise if we bring any of the other X atoms up to the 
remaining two. If we now consider the symmetrical configuration, it is 

dear on the basis of Table 60 (Appendix IV) that the ^B2 state, since it is the only 
quartet state, must go over into The two doublet states ^Ai and ^^2 can 

either go to ^A'l and ^^2 or form one degenerate ^E' state. It can be shown from 
group theory that actually the latter correlation is the correct one [see Kotani 
(689)]. Qualitatively this result is due to the equivalence of the three (unsym- 
metrical) ways in which X3 can be brought together. Thus only the two states 

and result from three X atoms in ^Sg states if they form an equilateral X3 
triangle. 

It may at first sight seem surprising that three X atoms in totally symmetric Sg 
states give anything but states of X3. However, it must be realized that because 
of the possibility of exchange of electrons there are actually the six spatial eigen- 
functions 

<i(ra(2)^„(3)</'c(l). </'a(3) 

V!r^(3)^,(2)^,(l), 

These functions can be combined to form one totally symmetric, one antisymmetric 
and two degenerate functions (i.e., s^mimetrie, antisymmetric, etc. with respect to 
exchange of electrons). Since the spin functions of three atoms of spin J are either 
totally s^Tumetric (four functions) or degenerate (two pairs of functions) as shown in 
the similar situation for three nuclei of / = -J in Volume II, p. 410, the over-all eigen- 
function can be antisjunmetric, as required by the Pauli principle, only if either the 
antisjTumetric spatial function is combined with the four symmetric spin functions 
(yielding or the degenerate spatial functions wdth the degenerate spin function 
yielding 

In Table 25 the examples used in the preceding discussion as well as a few 
others are mllected. 

The treatment of four-atomic molecules proceeds in a similar way. We 
WTOider cmiy a few examples. Supper that, in an XYZ2 molecule of point 
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Table 25. Electronic states or non-linear tbiatomic molecules resulting 

FROM GIVEN STATES OF THE SEPARATED ATOMS 


Molecule 



Point 

group 


Atomic states 

Molecular states 

Type 

Prototype 



XYZ 

Cs 



^A% ^A"{2), ^A" 



HNO 


i.4'(2), ^A", 3^'(4), ^"( 2 ), 

^”•{ 2 ), M'( 2 ), -’A’ 

XY2 

C 2 V 

H2O, CH2 


M 2 , ‘Pi, Ml, M2(2), 3Bi(2), 
Ml, Ma, =Pi 



NH2 

+ =5, + ^S, 

2 Pi, Ms, "Pi, sPi 



CF2 

^P, + + 2p^ 

Mi( 8 ), M2(7), ‘Pi(7), ‘P2(5), Mi( 13), 
M2(14),3Pi(l4), 3P2(13), Mi( 8 ), 
M2(7), 5Pi(7), sp^Co) 



NFa 

+ 2 p„ 

Mi(2), M 3 . 2Bi(4), 2P2(2), Mi( 4), 
M^lo), "Pi{5), "P2(4;, Mi! 2), M^. 
sPi(4), «P3{2) 





Ml, 2P3. "Pa 

X 3 

Bsh 

H 3 


^E', M^ 





2 P", K4'i 




25 , + 

MJ, ‘P', M^, 2P' 



F 3 

=P„ + 2P„ + 2P„ 

Mi(4). MI{4), M^(4), MS(4), ^P'd";. 

“PdS), Mi(3), M'i’(4), m;(3), m;. 

"P'(4), "£'(4) 



O 3 

sp, + 3p, + SPj 

Mi(4), Mr(3). ‘dj. ‘.4^i3l. ‘P'-4!. 

‘£"(4), mi{5). Mi(7). m;(S.. m;!7!, 

3P'(13), 3P"(14), Mi(4). Mi(4i. 

M 2 ( 4 ), M5(4), 5£'(9). 3p'(‘l0). Mj, 
MI(3;, M^(4), M5(3l. ■’£'(4). "£"(4) 



N 3 


2£', ^Al, K4%, "£", MJ, s£", ®£’, ‘MS 


group C 2 V, Z is in a ’^Sg, and X as well as Y in a ^Pg state as in H 2 CO if formed 
from normal atoms. The states of the non-linear CHg group have already been 
derived (see above and Table 25). We have only to multiply by ^Pg of 0 resolved 
into the species of Czv, that is, by ^.^2 + A large number of states 

arise of which the singlet states are ^-42(4), ^.Bi(4), ^B 2 ( 6 ). 

If a planar XYg molecule of point group is formed from an X atom in a 
^Pg state and three Y atoms in ^Sg states (as for CHg) we obtain the resulting 
states by multiplying the species of Yg formed from ^Sg (see Table 25), with the 
species into which ^Pg is resolved in point group Dg^, i.e. + ^E\ This 
multiplication yields ^A[, ^Al ^Al ^E\ ^^"(2), ^Al ^A^ ^E\ ^^"(2), ^A[, ^E\ 
If the point group is instead Cg^, that is, if the molecule is non-planar we merely 
have to take account of the correlation between Dg^ and Cg^ in Table 60 (Appendix 
IV) and obtain the states ^A^, ^E{Z), ^A^( 2 ), ^A^, ^J5(3), ^A^, ^E. If the 

X atom is in a ^S^ state, as for the formation of NHg from ground state atoms, we 
find directly, if we resolve the species of Yg into those of Cg^ (obtaining 
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alii! observe that hSj. goes over into the following states: ^A^, 

"J:- Thus the observed ground states 'A^ and ^A'^ of NH3 and CH3 respec- 
tively rail be formed from normal atoms. 

For a inoleeule X 4 consisting of four identical atoms a number of different 
syninietrieal arrangements are possible. If the sv^mmetry is that of a regular 
tf*traliedroii ipoiiit group T^) and if all four X atoms are in the same state, we 
obtain aeeording to Kotaiii the three states and ^Az- It is readily checked 

that on lowering tlie symmetry to C3. the same states result as would be obtained 
hv fcsFiiiing directly a C3.. molecule according to the methods of the preceding 
paragrapli {see also Table 26). 

If the tetrahedron is somewhat distorted so that the X4 molecule belongs to 
point group Dsu, the resulting states are immediately derived from those for 


Table 2(5. Electronic states of non-lineab four-, five- and six-atomic mole- 
cules RESULTING FROM GI\’F:N STATES OF THE SEPARATED ATOMS 


Molecule 

Atomic states 

Molecular states 



Proto- 

T\‘pe 

Point 


group 

type 



XYZW 

Cs 

HXCX 


2^'(4), ^A''(Z), M'(6), M"(12), ®H'(5), 
«.4'(10), ®4'(3), ®J:'( 6 ), ^°A', ^°A"(2) 

XYZa 


H 2 CO 

^P, + ^P, + 2 ^S, 

Ui{o), ^2(4), iBi(4), iP2(5). =Hi(9), 
2.42(8), 2Bj(8), 252(11), =Hi(7), =^ 2 ( 6 ), 
®5i(6), ®52(8), ’Hi( 2 ), 2 ^ 2 ( 2 ), ’5i{2), 
’■ 82 ( 3 ) 

XYa 


CH 3 

+ 3 -Sg 

^Ai, ^A'i, ^A'i, ^W, ^E"{2), Mi, M'i, 
M', ^E"{2), s^i, 



CH 3 

^P, + 3 

2 ^i( 2 ), 2 ^ 2 , ^H(3), Mi( 2 ), M 2 , "H(3), 



YH 3 

hbX A 3 26’^ 


X 4 

f'Sr 

H, 

4=^5 

25 , ^A2, 25 , 2.42 


Tj 

H. 

4% 

15 , 2Pj, M 2 



P. 

4^-S„ 

Ml, M 2 , 25 , 2p^(2), 3P2, sp(2), 

2 Pi, 2 P 2 . M 2 , ’5i(2), "P 2 , M 2 , 

®Pl, “Pi, 12^2 



H, 


Ml, iBi, 3ii„ 3E, 25i 



Hi 

i^S, 

Mi2, ^5i„ 2^2,, 25„, 35 ,^ 

XYZ 3 


Hi - 

42 . 5 , 

Mj( 2 ), 25 ,,, 35 ^^^ 5^^ 


XaCHa 

^S, + 3 p, + 3 ^S, 

Mi(2), M 2 , 1P(3), 2^i(4), 2242(2), 
2P(6), 5^1(3), 2^2, =-B(4), Ml, ’P 


XY* 


FCH 3 

2P„ + 3p^ + 3 2g^ 

Mi(5), M2(4), ip(9), 2Hi(10), 2242(8), 
2P(18). 2^i(7). 2242(5), 2P(12), Mi(2), 
M 2 . ■^P(3) 

T 4 

CHi 

He 

2P, + 4 ^S, 

Ml. IP, IPi, IP 2 , 321^, 3E, 3P^(2), 
2P2(3), 224i, 2Pi. 25^(2), M 2 

Xg 


6=5, 

i Mi5(2), Mau, M 2 ,. 2242,, Mi„(2), 
2Pi„(2). 3^2^, 




* i&m four H ateiafi to be ia tJbe *®F-plaiie. 
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by means of Table 60 (Appendix IV). One finds ^Ai, If 

instead the four X atoms form a square (point group one finds from Kotani's 
paper the states ^Aig, ^B^g and if the four X atoms form a rectangle 

(point group B2h), the corresponding states are, according to Table - 4g2) 

^B,g,^B2u,^B,,,^Ag, 

For five-atomic molecules XYZg of point group one proceeds in the same 
way as for XYg molecules. There is an additional atom on the axis whose resolved 
species have to be multiplied with those of YZg. 

For building up a tetrahedral XY4 molecule we first resolve the atomic state 
of the central atom X according to point group and then multiply the resulting 
species by those of the Y4 group given above. In this way one obtains for CH4 
formed from a C atom in its ^Pg ground state and four H atoms in their ground 
states the states ^E, ^Fi(2), ^^2(3), ^Fj, “F2(2), 

'^F2. This group of states includes the ground state. 

Finally we consider as an example of a six-atomic molecule, the hexagonal 
Xe molecule (point group Dq,,) formed from six X atoms in states. From 
Kotani’s tables one finds in this case the states h4ig(2), ^F2^. ^F.,g. ^Ang. ®Fi.,(2), 
3F,,(2), ^Fsg, ^A,g, ^F,„ ^Fgg, 

The examples of four-, five- and six-atomic molecules discussed above are 
collected in Table 26. A few additional ones have been included. 

Building-up from unlike groups. The formation of non-linear polyatomic 
molecules from individual atoms leads in general to a very large iiiuiiber of 
molecular states and consequently the knowledge of these states is only of modest 
value. Much more specific information can be obtained by building up the 
molecule from two (or at the most three) parts. We consider first tiie ease in w'hicii 
the two parts are unequal. 

If neither of the parts into which we separate the molecule has a lower sym- 
metry than the complete molecule and if during the building-up, at all stages, the 
molecule retains its full symmetry then the problem under consideration is readily 
treated in the same way as the problem of building-up the molecule from separated 
atoms. This is illustrated by the following two examples. 

If the molecule XYZ2 is to he built up from X -h YZ2 by moving the X atom 
along the symmetry axis of the YZ2 group, we only have to resolve the state of X 
into the species of point group €2^ and multiply these species vith that of the 
YZg group. For example if YZg is CH2 in its lowest singlet state Y4i and X is O 
in its ^Fg ground state we know from Table 58 that the latter state gives ^An -h 
+ =^F2 which combined with of CH2 gives the three states ®Fi and 
of H2CO. (This result, incidentally, impKes that the ^ ground state cannot arise 
in this way.) In a similar way we can also consider the case in which YZa is a 
linear molecule which is combined with X put on a two-fold axis of YZ2 to give 
XYZa of point group We simply have to resolve the species of linear YZ2 

into that of point group Czv taking account of the change of 2 axis. For example, 
if CH2 were in its ground state it would yield ^F^ in Ca,, symmetry (i.e. in its 
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foi/nt form) and combined with 0 ‘^Pg would yield the states ^Ai, ^A2, ^-^25 ^Ai, 
^Ai, 'Ms, of the H2CO molecule. 

Similarly, if the molecule XYZ3 is built up from X and YZ3 by moving the 
X atom along the symmetry axis of YZ3, we must resolve the state of X and if 
necessary the state of YZg into the species of point group For example, if 

YZ3 is CH3 in its "Al ground state and X is F in its ^P^ ground state, the species 
in C3.. are -.4 , and “.4 , -f respectively which by multiplication give the states 
^.4;, "F, ‘^.4,, of CH3F. If CH 3 is in its first excited state ^E' we get the states 
^Ei’2). M,, M 2 , ^F( 2 ). In a similar way one can build up an XY 3 
molecule from the states of X and Y3 as has, in fact, already been done in deriving 
the results of Table 26 except that in this derivation all the states of Y3 resulting 
from a given state of Y were considered together. In Table 27 several other 
examples in addition to those discussed in detail here are collected. 

Table 27 . Electronic states or non-linear polyatomic molecules resulting 


FROM given states OF THE SEPARATED UNLIKE PARTS 


Molecule 

StatevS of 
separated parts 

Resulting molecular states 

rp , Point Proto- 

group type 

XYa C2, 

H2O 

xep,) + 

X( 3 P,) + Y^eZS) 

xYem + Y(%) 

^2, 

Mi(2), L43, ^B^ 

K 4 .„ 1^2, ^B„ ^A,, 3^2. =X2, 

®J5i 

^. 4 i, ^2 or or ^Bz, ^A^ or 

XYZ C, 

HCO 

Xps,) -f YZ(^E + ) 
xes,) -T Yz^n) ; 
xY(2n) + z( 3 p,) 

M' 

M', M", M', M" 

M'{3), M"(3), M^(3), M"(3) 

X'ia Cgj,. 

XH3 

X(<‘S„) + Y^eE') 
X(^ 5 „) + 

^E, ^E 

^A,. ^A„ M, 


CH3 

Y(= 5 ,) + XY^i^A,) 
Yes,) A XYA^Zf) 

^A{ or ^E' 

^A" or ^E", *Al or ^E" 

XYZ2 C2,, 

H2CO 

xep,) + YZ2(X4,) 
X(=P,) + YZ^f S-) 

XeO,) + YZA^AA 

^A2, ^Bi^ ^Sz 

Ml! M 2 ! ^bI, Ml, M 2 , ^Bz, Ml, M 2 , 

^B 

Mi(2), M 2 , i^i, 1^2 

XYZ3 C3, 

FCH3 

xePA + Yz^e-ii) 
xePA + Yz^es') 

Ml, ^E 

Ml, M 2 , ^E( 2 ), Ml, M 2 , ^E( 2 ) 


LiCHa 

xes,) + Yz^e-i^) 

XeS,) + YZA’^E') 

^. 4 i,Mi 
ij;, ^E 

XY4 Ta 

FSiHs 

XePA + YZ 3 ( 2 . 4 i) 

Ml, ^E, Ml, 

CH4 

Yes,) + XY 3 { 2 ^') 
xep,) + Y,eE) 

+ YA^AA 

Ml (or ^Fz), Ml (or M 2 ) 

Ml, M 2 

Ml, M, Ml, Ms, Ml, M, Ml, Ms, 

Ml, M, Ml, Ms 
^F 2 , Ms, Ms 

XaY^ £>2^ 

C2H4 

\ X3Y3(^.4') + Yes,) 
X3Y3{M') + Y<^,) 

M', M' ( = .Ig or Bi„ or Sgu or £35) 
M", M* ( = A^ or Big or B^, or Bsg) 
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It is interesting to see what happens in a case like CH3I where the iodine atom has 
a large doublet splitting (Av is almost 1 eV) and where therefore the indi vidua! doublet 
components must be correlated. As we have seen in Chapter I, section 1, the state 
of (deformed) CH3 goes over into an Ei state when the spin function is included. 
Similarly the = ^Ai + ^E state of the I atom becomes E}, + E}, -h P p Here the 
(lower) ^Pf component corresponds to + Pf while the upper ^Pi component 
corresponds to E.\. If now the species of I and CH3 are multiplied one gets from If^P^ j 
the states A^, A2, E of CH3I and from I(^P-?) the states Ai, A2, E, E, E. One can 
easily check that the states given previously without regard for spin -orbit coupling go 
over into those just given if account is taken of the fact that the spin function for 
S — I (triplets) is A2 + E. Considering the non-crossing rule it must be concluded 
that the observed ground state of CH3I is the Ai state arising from the lower doublet 
component ^Pf of the I atom. 

Let us now consider the case in which the symmetry of at least one of the 
parts (point group Q) is less than that of the complete molecule (point group P) 
and where during the building-up process the conformation of the nuclei has the 
lower symmetry (0) of one of the parts. Consider for example the formation of 
CH3 (point group Dq}^) from CH2 + H. During the formation the spnmetry is 
at most C2U. In the way indicated in the preceding paragraphs we can immedi- 
ately obtain the resulting states in terms of the lower symmetry: if CH2 is in the 
^Ai and H is in the ^Sg state, we find the single state ^Ai of CH3, or if CH2 is in the 

state, we find the states and of CH3. If now the third H atom is 
brought into a symmetrical position with regard to the remainder of the molecule, 
that is, if the molecule is brought to symmetry, we must use tiie correlatiuii 
given in Table 60 (Appendix IV) to find the states of the completed molecule that 
correspond to those obtained in the deformed conformation of symmetry Co.. 
We see that the Mi state from CH2(L4i) + R^Sg can give either -A[ or one 
component of ^E' of while the ^B^ and ^B^ states resulting from ) 

-h H ^Sg can give either ^A^ and or one component of ^E" and ^E\ It is not 
possible to say from symmetry considerations alone which of these two alternatives 
in each case applies. Just as for linear molecules there are sometimes indirect 
means of finding a unique correlation, but in general one must be satisfied with 
the correlation given by the lower symmetry. We refer to Table 27 for the 
correlation between the states of H 4- CH3 and those of CH4, and other similar 
cases. 

Finally we consider the case in which both parts have a higher symmetry 
than the molecule to be built up but in which during the formation process the 
symmetry is less than that of the molecule. An example is a non-linear XY2 
molecule formed from Y + XY when the Y atom is not on the X Y-axis. In the 
general position the point group is C^ and therefore we must resolve both the state 
of Y and that of XY into the species of C,. If for example Y is in a ^Sg and X Y in a 

state, as for the ground state of H + OH, we obtain a resolution into and 
2^' _l_ ^A” respectively, and therefore the molecular states are and 

3A". Again from Table 60 we cannot tell whether the Y4' state gives ^Ai or 
of the symmetrical XYg molecule and similarly for the others. In this instance we 
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see from Table 25 that -r 2 %Sb does not give a state and therefore, since 
it is known that the ^11 ground state of OH is formed from ground state atoms, the 
h4' state from -f must correspond to h4i, but similar conclusions are not 
possible for the utiier pairs. Xaturally for imsjmimetrical molecules like HNO 
and HCO this ambiguity does not arise. 


Buiiding-up from like groups. When the two parts from which the 
molecule is formed are alike it is in general possible to determine unambiguously 
the resulting states even though the symmetry of the parts is lower than that of the 
molecule. This is because even at large separation of the two parts the full 
symmetry of the molecule may exist. The situation is very similar to that 
discussed previously for linear molecules. 

If the two like groups are in different states, a resonance exists in that either 
the one or the other group can be in the higher state and therefore a splitting into 
two states arises one of which is s^mimetrical while the other is antisymmetrical 
with regard to the plane of symmetry or center of symmetry that arises when the 
two equal parts are put in a symmetrical position with regard to each other (as in 
the molecule to be formed). 

Consider as an example the formation of C2H4 (point group 2>2/j) from a CHg 
group in a h4i state and one in a state. If we had two unequal groups, e.g. 
CFg and CH2. forming a molecule of point group Qu (e.g. ^2^ — CH2) a single 
state would arise if one group is excited, and another state of different energy 
if the other group is excited. But if the two groups are identical the two ^B^ states 
will have the same energy as long as the groups are far apart. Because of this 
resonance, the two states mix and as the two identical groups come closer together 
two new states result corresponding to the sum and difference of the two original 
wave functions: one of these states is symmetric the other is antisymmetric with 
respect to the new element of sjunmetry introduced by bringing the two groups 
together, i.e. the center of sj-mmetry or plane of symmetry. In the present case, 
when the resulting molecule has sjunmetry, the two states are ^B^, and 

(see also Table 60). Other examples of this tj-pe are given in the upper part 
of Table 28. 

If the two equal pans are in the same state, there is no resonance and no 
doubling of the number of states arises. We must then decide which of the 
resulting states are g, which are u, or which are ' and which ". Even though no 
general treatment of this question has been given in the literature we can obtain 
an answer in all cases of interest by using the correlation with corresponding 
diatomic (or linear polyatomic) molecules for which the results have been given by 
Wigner and Witmer (see Vol. I and section lc(a) above). 

For example, if in forming C2H4 the two GR^ groups are in different 
States, we would according to the previous discussion obtain two states of C2H4 
viz., and ^B^^. But if the states are identical, only one state of CaH^ 
arises and this state must be sinoe. in forming the united molecule O2. we 
obtain from two states of 0 (which in CR^ correspond to ^A,) one single state 
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" X ■■ Lil li ;i: 'C'.Ji cink' to Table 59 corresponds to the state ^Ag of €2114^. If we form 
ti.J VAl : liiuieeule from two CHo groups in their ground states, we must first 
rt*solve - 1 ." into a species of point group Co,, with the 2-axis perpendicular to the 
iriterniielear axis of CHo obtaining . Combining the two parts in identical 
states we would obtain a single state Ai of the whole molecule if it had sym- 
metry. with spin values 9, 1,2. In Dan symmetry, according to Table 60, A^ 
correlates either with Ag or Since no resonance occurs, only one of these 

arises for each multiplicity. Again by comparing with the united molecule 
(i.e. by forming O2 from two 0 atoms) we see that the states ^Ag, ^Ag result. 
These and several other examples are collected in the lower part of Table 28. 

2. Electron Configurations 

The correlations between united atom, molecule and separated atoms or 
groups of atoms discussed in the preceding section give an idea of the manifold of 
all the electronic states of a molecule. These correlations are based mainly on 
symmetry considerations and, as is often the case in such situations, while giving 
an exact idea of the possible states they give very little idea as to which of them 
will be stable and even less as to the nuclear conformations of maximum stability, 
i.e., as to molecular geometries. The third method for building-up a molecule, 
mentioned at the beginning of this Chapter, the method of electron configurations, 
has turned out to be more useful and important. We shall now discuss it in 
more detail. This method gives not only the manifold of electronic states, but, 
in addition, gives without detailed calculation some information about the order 
of the electronic states and. particularly, allows predictions about the nature of 
the ground state and other low lying states. It forms the basis of the molecular 
orbital method of understanding the stability of electronic states which is to be 
discussed in section 3. 

(a) Classification of orbitals 

Just as for atoms and diatomic molecules, the motions of the electrons in a 
polyatomic molecule can in a first very rough approximation be considered as 
independent. In other words, we may consider separately the motion of each 
electron in the field of the nuclei and of the average field of the other electrons. 
In wave mechanics the motion of an electron i is characterized by a wave function 
ifii which is substantially different from zero only in the neighborhood of the nuclei 
and which vanishes at infinity. Following Mulhken (888) such one-electron wave 
functions and the corresponding electron motions are called orbitals. For atoms 
mth a single electron these orbitals are the familiar wave functions of the H atom 
and H-like ions. For atoms with several electrons they are similar, but more 
complicated functions, aiomic orbitals, which have the same symmetry properties 
as the wave functions of one-electron atoms. They are designated as s,p,d,,. . 

crbitais depending on the value I = 0, 1, 2, of the quantum number of the 

orbital angular momantum. For diatomic molecules we have corresponding 
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molecular orbitals designated a, tt, 8, , . . orbitals depending on the value A = 
0 , 1, 2, . . . of the quantum number of the component of the orbital angular 
momentum along the internuclear axis (see VoL I, Chap. VI, 3). The orbitals for 
linear polyatomic molecules are entirely similar. If there is a center of svmmetrv 
(point group Dco/i), fhe orbitals can onty be sjunmetric or ant is\Tn metric with 
respect to this center, we have ag, . orbitals. Qualitatively the form 

of these orbitals has been illustrated in Fig. 155 of Volume I (p. 326). 

It is clear that also for a non-linear conformation of the nuclei the eigen- 
function (orbital) corresponding to the motion of a single electron must have 
symmetry properties corresponding to one of the species of the point group of 
the nuclear conformation. This follows from the same reasoning as given in 
Chapter I, section 1, for the over-all electronic eigenfunction. If there are several 
electrons, w^e consider each electron moving in the combined field of the nuclei 
and the other electrons. In general, this field does not have at every instant the 
full symmetry of the point group of the nuclear conformation, but if we average 
the field of the other electrons in a suitable manner, we can again obtain a field 
that has this symmetry. In general this suitably averaged field represents a good 
is well to bear in mind that only with this assumption can 
the orbitals be classified in the same wa}" as the electronic states. One use^s 
small letters for the species symbols of orbitals corresponding to the capital letters 
used for the general species designation, just as for atoms and diatomic molecules. 

It must be noted that not necessarily all species of a point group occur as 
species of orbitals. Only atomic orbitals dg. gg, . . . occur i since electronic 
states of atoms are g or u depending on whether h is even or odd, that is, fur 
individual electrons depending on whether is even or odd), and therefore usually 
the subscripts g and u are omitted. As a consequence (see Table 5S, Appendix 
IV), for diatomic or linear polyatomic molecules (point groups and 
orbitals of species E " do not occur and therefore in referring to a electrons the 
superscript 4- is usually omitted. In all other point groups, orbitals of all species 
may occur even though some types of orbitals occur only for a rather high I value 
of the corresponding atomic orbital. For example the lowest I value for which ^2 
orbitals arise in point group is I = Q (not included in Table 58); similarly a 2 g 
orbitals of 0,^ arise first for Z = 6 and first for Z = 9. 

No properties of the orbitals other than the behavior with regard to the 
symmetry operations of the point group of the nuclear framew^ork are rigorously 
defined- Since for a given molecule there are in general several orbitals of each 
species it is now customary to distinguish them by a number preceding the species 
symbol, which indicates whether it is the first, second, third, . . . orbital of its kind 
if arranged according to energy. Thus one has la, 2a, 3a, . . . Itt, 27r, Stt, — 
orbitals of or la^, 2%, 3%, . . 1 ^ 2 , 2 ^ 2 , . . . Ibi, 2bi , . . . , orbitals of C 2 vj 
and similarly in other cases. The number here introduced should not be con- 
fused with the principal quantum number. As we have seen in Volume I the 
principal and the azimuthal quantum numbers of the electron in the united atom 
or in the separated atoms are often added to the symbol for an orbital in diatomic 
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Fig. 114. Nodal surfaces of the orbital functions of an X 3 molecule of point group 

I>zt- each orbital function two projections (jj and _L to the X 3 plane) are shown. The 
sign of the wave functions is indicated by simple ( + ) and cross ( “ ) hatching. The nodal 
surfaces are indicated by thin solid lines separating areas of simple and cross hatching. The 

orbitals 3cii', 3ao\ 3e', . . . , 2e", (not shown) have more and more nodal 

surfaces. 

molecules. For polyatomic molecules such designations can also be used, par- 
ticularly for the more highly excited (Rydberg) orbitals. They will be described 
in more detail in the next subsection. 

As an example, we illustrate in Fig. 114 the lowest orbitals of an X 3 molecule 
of point group Only the nodal surfaces and the relative signs of the orbital 

wave functions on each side of these surfaces are indicated. The same diagrams 
to planar XY 3 except that there may now also be nodal surfaces inside 
the Y 3 triangle. Similar diagrams for other point groups would be easy to prepare. 

Mathematical formulation: molecular (symmetry) orbitals. The 

wave equation of an electron i moving in the field of the (fixed) nuclei plus the 
field of the other electrons is 

VVi + (ei - Vni- ^ = 0. 

V fc i / 


(in, 4) 
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Here T is the potential produced by the nuclei on i while r.; is the potential 
produced by electron k on i and is the energy. It is not possible to ave a genera! 
solution of this equation. However, for Hnear molecules, just as fir diatomic 
molecules, it is easy to show (see VoL I, p. 328) that the solutions must be of the 
form 

fill. 5; 

where Ai = 0 , 1 , 2 ,... represents the orbital angular momentum about the 
molecular axis in units ^/27r and corresponds to the designation a, tt, 3 , . . . of the 
electron, cp^ is the azimuthal angle and Xi is a function of the c-eoordinate of the 
electron and its perpendicular distance from the axis. When the molecule is 
non-linear not even the general form of can readily be given except that if ^ Fj;. 
is suitably averaged, will have symmetry properties corresponding to one of the 
species of the point group. 

It is, however, possible to obtain an exphcit representation of the molecular 
orbitals in the limiting case of the united atom or the separated atoms. One- 
electron eigenfunctions of atoms (atomic orbitals) are known exactly for }i\'drogen- 
like systems and good approximations can be given for many-eleetron systems. 

Approximate orbitals that are often used are Slater orhitali. They are similar 
to hydrogen-like orbitals except that the radial part has no nodes but is expressed 
in the form 

rng- 


where n and p are adjustable parameters. For example, in considering the 
orbitals in non-linear CH 2 we can start out from the united atom 0 for \\ hich. in its 
ground state, the Slater orbitals, written in terms of Co.,, symmetry, are: 


l5- 



/S 

V TT 

2s- 

a^: 


V Stt 


lAs = / 


^Py h’ 



2p^-^ 

07 = , 

V TT 


ro cos d'e '^ 3 ’'' 


Tq sin d' sm(pe~^5^o 


(III, 6) 


Here is the distance from the 0 nucleus (in Bohr radii), S' is the angle with the 
2 -axis, (p the azimuthal angle in the xy-plane and the constants ft according to 
Slater are for oxygen fii — 7.7 and ft 2 == Ps = = p? = 2.275. It is easily 
checked that ipj and ^5 have indeed the 61 and 62 symmetry, that is, they are 
approximations to the molecular orbitals of CHg. The same orbitals with different 
values of ft can be used for H 2 O. 

If on the other hand we start out from the separated atoms, we can use the 
same orbitals but we must now use Slater parameters pj corresponding to the 
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eeiitrai atom rather than the united atom and we must add to the orbitals (III, 6) 
the orbitals provided by the two hydrogen atoms. The wave function of a 
hydrogen atom in its ground state is 

9 :( 15 h) = - 7 = 

Vtt 

where is the distance from the H nucleus (in Bohr radii). The wave function of 
the two H atoms symmetrically placed with regard to C or 0 can only be symmetric 
or antisymmetric with respect to the plane of symmetry (which is perpendicular 
to the plane of the molecule) that is, we have the t-wo molecular orbitals 

+ e-H.) 

(HI, 8) 

V Ztt 

The seven functions ?//2, . • orbitals of the CHg or HgO molecule 

which arise from the ground state configurations of C or 0 and H at large separa- 
tions of the atoms. They are also called symmetry orbitals. In Fig. 115 these 
orbitals are illustrated schematically. Their symmetry properties are apparent 
from these diagrams. 

When the three atoms are no longer very far apart from one another the 
orbitals will change. In a first approximation according to standard methods of 
quantum mechanics the new orbital wave functions are linear combinations of the 
oid, but such that only functions of the same species can be combined. In this 
way we obtain the seven molecular orbital wave functions (MO’s) : 

l^l(lai) = Ciilli + C22^2 + (^14^4 

= ^ 21^1 + ^ 22^2 + ^^ 23^3 + ^ 24^4 

^s{Sai) = 4* C32^2 + ^33^3 + <^34^4 

= ^41^1 + ^42^2 d- 0-43^3 4“ 044^4 (III, 9) 

^5(1^2) ~ ^55^5 + <^56^6 
^ei'^^2) — ^65^5 + ^66^6 
^7(15i) = ^ 7 . 

The molecular orbitals thus obtained as Imear co^nbinutions of atomic orbitals are in 
the literature often referred to as LCAO MO’s. Of the four orbitals numbered 
la^, 2a|, 3a j, 4a2 in the order of their energy, the first one is very similar to the 
carbon or oxygen atom 1^ orbital, that is, greatly predominates in the linear 
combination the orbital 1^7 is identical ’wdth one of the carbon (or oxygen) 2p 
orbitals {^7); aH the other orbitals are real mixtures of the original atomic orbitals. 
For the approximate shapes of the orbitals ^2 ^7 see Fig. 124 farther below. 

An actual calculation of the coefficients has been carried out by Ellison 
and Shull (353) for the ground state of H2O by means of a variation calculation 
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[see also McWeeny and Ohno (815)]. Tlie result depend.s, of cour.se. on the 
assumed H— 0— H angle. For an angle of 105° the result is given in Table 41, 
p. 388. It must be emphasized that in a higher approximation it is nece.s.sarv to 




Fig. 115. Schematic representation of symmetry orbitals of a non-linear XH- 
molecule for large internuclear distances. For each orbital function two projections 
and J. to the XHa plane) are shown. The broken line curves represent the points at which 
the orbital function has a certain small magnitude, say i/10 of the maximum magnitude. 


take account of higher atomic orbitals and to introduce them into the appropriate 
linear combinations. However, fortunately, since the higher orbitals are separated 
from the lower ones by a considerable energy interval the effect of the higher 
orbitals is usually fairly small. 

Because of the importance of the concept of molecular orbitals we consider 
a second example namely the planar CH 3 molecule. The orbitals of the C atom 
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into tinjse of point gnnip D: |.see Table 58) are in the Slater approximation 



where /x. = 5.7 and p.2 = [see Dimcanson and Coulson (324)] and Tc is the 
distance from the C nucleus. The functions i/j^ and ^7 form now a degenerate 
pair of species E'. 

Each of the three hydrogen atom orbitals is again given by (III, 7). How- 
ever, we must now combine them in such a way that they form orbitals (symmetry 
orbitals) belonging to the point group Dg^. As explained in more detail below 
(p. 303), group theory shows that in point group the three H orbitals form one 
ai and one e' molecular orbital. In a first approximation they can be represented 
by 


la/ 


^3 = 


— = (e -f 

\ Stt 





>l>e = -=(-« ’■«' - - «”■«') (in, 11 ) 

\ OTT 

h = — = - e-’-H-). 

L \ 277 


It is readily seen that, upon rotation by 120/, goes over into a linear combination 
of ^5 and ijjg as it should do for a degenerate pair. 

If now the four atoms C 4- 3H are brought together in a symmetrical way, 
the resulting molecular orbitals are in a first approximation linear combinations of 
those that have the same species, that is, we obtain the six molecular orbitals 

^ 1 ( 1 %) ~ Ciilpi -f Ci2^2 + ^13^3 

== <^21^1 + ^22^2 d- ^23^3 

^ 3 (^ 1 ) = 4 ^32^2 + ^33^3 (III, 12) 

^4(1^2) = ^4 

^ 5(1 e ) = C 55^5 4 

~ ^65^5 "b CqqiI/q. 

The functions ^ and give the same linear combinations as ^5 and i/jq (with the 
same eoefficiente) repr^onting the other component of the le' and 2e' orbitals. 
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Of the three orbitals la'i, 2a'i andSai the lowest, represents aaain e.ssentially 
the carbon Is orbital. 

In order to determine the actual form of the molecular orbitals, tliat is, to 
determine the coefficients in (III, 9), (III, 12) or similar equations, it is neces- 
sary to solve eq. (Ill, 4) for each of the orbitals tpi. Such a solution is made 
difficult by the presence of the term — which represents the effect of the 
other electrons on electron i. More specifically, since is the charge density 
produced by electron Jc, its effect on i is given by 

r,, = (111,13) 

J 'tk 

where e is the electronic charge and the distance of electron i from the charge 
element of electron Jc. Thus each of the equations (III, 4) contains the 

orbital functions 0;. of all the A" electrons present: we have a system of X 
simultaneous differential equations. They can be solved only by a method of 
iteration and successive approximation. The solution is called the self-consistent 
field approximation without exchange (or Hartree-approximation): The wave func- 
tions of the electrons are self-consistent if upon calculation of all the W ,. according 
to (III, 13) with these functions and subsequent solution of (111. 4) the .same 
functions are obtained back again. The energies Cj obtained in this way are the 
ionization potentials of the molecule corresponding to removal of electron i from 
the orbital 

In the transition from atomic orbitals to molecular orbitals by tiie LCAO 
method we frequently find [see eqs. (Ill, 9) and (HI. 12)] that a molecular orbital 
is a mixture (a hybrid) of different atomic orbitals originating in the same atom. 
This mixing is sometimes called hybridization, although usually this designation is 
reserved for the corresponding phenomenon in valence- bond tiieory fsee section 3a 
The mixing of atomic s and p orbitals of the same principal quantum number 
{a-p hybridization) is particularly important. In the process of molecule forma- 
tion from the separated atoms (or groups of atoms) or from the united atom for 
molecule) the degree of mixing in general changes greatly. In the free atom there 
is no s-p mixing since s and p orbitals have different symmetry. In other words, 
the mixing arises only because the s\Tnmetry is lowered in the molecule and 
because therefore orbitals of the same molecular species arise from atomic orbitals 
of different species. 

Species of orbitals formed from equivalent atoms (group orbitals *. The 

species of the molecular orbitals formed from given atomic orbitals of a number of 
equivalent atoms in a symmetrical molecule is readily obtained by simple group - 
theoretical considerations. For example, in the case of CH3 discussed above, the 
three original Is orbital functions <p^, if attached to three H nuclei of a 
conformation will have the following transformation matrices for the stmimetry 
operations J, Oa, Q-^d Uh 

100 010 001 100 

J: 0 10; C3: 0 0 1; a,: 0 1 0; <1^: 0 10 

001 100 100 001 
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that is, the characters (the sums of the ciiaiional elements) are 3, 0, 1,3 respectively. 
This representation can be immediately reduced to that of Ai + F since the charac- 
ters of .4; and E' are 1,1,],! and 3, ~ 1, 0, 2 respectively {see Table 51, Appendix I) 
wliicli add up to 3, 0, b 3. Thiis we obtain an al and an orbital. 

If the H atoms, instead, contribute each a 2p electron (or if we consider generally 
an XY3 molecule where the Y atoms have 2p (or 3;?) electrons), we can deal with the 


orbitals 


/ 


y 



Fig. 116. Transformation properties of molecular orbitals of a molecule 
resulting from p^i Pz orbitals of three equivalent atoms. Compare the transforma- 
tion matrices below. Each configuration shown is degenerate with all those that arise from 
it by any of the symmetry operations. 


Pz components separately if we place the coordinate axes symmetrically for 
t?ach H atom as in Fig. 116. We find for the transformation matrices of Py, p^, as 
is readily verified from Fig. 116 


/ C3 

1 0 0 0 1 0 

0 1 0 0 0 1 

0 0 1 10 0 

1 0 0 0 1 0 

JS,. 0 1 0 0 0 1 

0 0 1 10 0 

1 0 0 0 1 0 

Ps 0 1 0 0 0 1 

0 0 1 10 0 


C7„ 

0 0-1 

0-1 0 
1 0 0 

0 0 1 

0 10 

1 0 0 

0 0 1 

0 10 

1 0 0 


1 0 0 

0 1 0 

0 0 1 

1 0 0 

0 1 0 

0 0 1 

-10 0 

0-1 0 

0 0-1 


Therefore the characters are for 3 0 - 1 3, for 3 0 1 3 and ^>2, 3 0 1 — 3 leading 
to the orbitals 02 -f e' for px, oi 4- e' for py and aj -j- e" for p-. 

The examples just given, together with similar examples for all important point 
groups, are collected in Table 61, Appendix V. The forms of the orbital wave functions 
are similar to (III, 8) and (III, 11), Explicit forms for some of the more complicated 
ea^ have been given by Kotani, Ohno and Kayama (690) and Hoffmann and Gouter- 
man (561). In the so-called ligand field theory (see p. 405) molecular orbitals of the 
type disciigeed here sure called ligand orbitals and in crystal field theory they are called 
crystal field molecular orbitals. A more neutral name would be group orbitals. 
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Localized and equivalent orbitals. For the purposes of one form of valence 
theory, the valence-bond (or electron pair bond) theory, it is necessary to introduce 
orbitals that are quite different from the molecular orbitals described so far. The 
latter are non-localized orbitals which extend over the whole molecule (see Fig. 
114); they are not adapted to a simple explanation of the existence of directed 
chemical bonds although they are an excellent tool for an understanding of the 



Fig. 117. Schematic representations of the three components of a p orbital. The 

spherically shaped surfaces contain the region in which the orbital function is larger in inasni- 
tude (+ or — ) than a certain small quantity. They are shown in isornetTif projection. 
Strictly speaking, the lobes are not spherical but have the slightly tiattened .shape ^howIx in 
Fig. 119a. 

excited states of a molecule (see further below). If we form localized orbitals, we 
give up at least temporarily the requirement that molecular wave fiiiictitjiis mu>i 
have symmetry properties (species) corresponding to the symmetry of the rn»jlv- 
cule. Rather we neglect in a first approximation the presence of ail but the two 
atoms between which the bond is to be formed and consider what are essentially 
diatomic orbitals of axial symmetry formed from the atomic orbitals of the two 
atoms adjacent to the bond. 

The p orbitals of an atom (X) are triply degenerate. We can choose as the 
three component functions the functions p^, Py, p^ given in (III, 6) which we can 
also write 

^Tx) = 

^{Pz) == 2j/(r) 

where /(r) is a function of r which for Slater orbitals takes the simple form 

/(r) = (III, 15) 

The functions (111,14) are represented schematically in Fig. 117. This figure 
shows clearly that iIj(Px) is localized around the ar-axis, j^(Py) around the y-axis and 
^iPz) Biround the z-axis, (For a more precise representation of one of these 
functions see Fig. 119a.) If another atom, say Y, is brought along one of the axes, 
say X, its orbitals are similarly oriented with respect to the axis except for 5 
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orbit ills wliieh are spherically symmetric. The bond orbitals of the bond X-Y 
are in a tir.st approximation linear cum binat ions of the X and atomic orbitals. 

As an example consider the H2O molecule. Let the x- and ^-axes be in the 
direction of the two OH bonds. If tfic eigenfunction of the Is electron of the first 
H atom (Ha) is Isu that of the second ^(Hi,; Ls-), we have, together with the 

oxvgen orbitals diO; 2^;.) and 13 ( 0 : 2pJ. four atomic orbitals which in the molecule 
go over into the linear combinations 

1^) -f Ci2tp{0; 2p^) 

^2 ~ I'^) d- <^22^(0? ^Px) (III 161 

4 = C33^(Hb; Is) -f C34^(0; 2py) 
h = 1'5) + ^44^(0; 2py). 

The first pair of orbitals is localized around the Ha — 0 bond, the second pair 
around the H^ — 0 bond, in other words these orbitals are molecular orbitals with 
regard to two nuclei only. The presence of a third nucleus (and any electrons in 
the otiier bond) is considered as a small perturbation which in this approximation is 
neglected. In one of each pair of orbitals, say tpi and ipQ, the coefficients have the 
same sign, i,e. the positive lobe of the 2p function overlaps a positive H atom 
function and as a result the energy is lower than in the free atoms; in the other pair, 
ifa and the coefficients have opposite signs, i.e. the negative lobe of the 2p 
function overlaps a positive H atom function and the energy is higher than in the 
free atoms. The former are bonding, the latter anti-bonding orbitals (see below). 

The orbitals (III, 16) do not transform according to one of the species of the 
|ioint group Co., They have however the property of equivalence, that is, the 
tirst tu o are with regard to the — 0 bond the exact equivalent of what the other 
two are with regard to the Hj, — 0 bond. Such equivalejit orbitals were first 
explicitly introduced by Lennard-Jones (73S). From these orbitals one can con- 
struct proper molecular orbitals having the correct symmetry properties simply 
by forming -r or ^2 ^ which belong to species ai or by forming — 1^3 
or ^2 — ^4 which belong to species 62- 

If three atoms Y are brought up to a central atom X, there are three equivalent 
directions and therefore three equivalent localized orbitals entirely similar to 
(III, 16) but now in the tlmee directions x, y, z. Such a situation corresponds to 
that in XH3. The transformation to proper molecular orbitals is not quite as 
simple but is similar to the determination of the resultant states of three atoms 
(see p. 288). 

It is not possible to form four equivalent localized orbitals from only the p 
orbitals of the central atom if these orbitals are to be orthogonal to one another 
(that is, linearly independent). It is however possible, as was fibrst shown by 
Pauling (969), to obtain four equivalent localized orbitals if the energy difference 
between 2^ and 2p is neglected, since under this condition any linear combination 
of the one s and the three p-orbital functions is also a solution of the wave equation 
for the same ener^ value and the orthogonality condition can be met. Four 
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suitable mutually orthogonal orbitals obtained by such hybridization of and p 
orbitals are 


4- '|V2 + #{2;>J 

^2 = 10 ( 2 ^) - 

lAs = #(2^) + h\ 2jp(?p^ - #(2;?,) 

^|s, = 4^(2^) ~ i\ '2*/;(2p,) ^ #(2;.,), 


where ^(2^), ^(2^^), ^p{2py), iP(2p^) are the 
III, 6, or III, 14). In Fig, 118 the orien- 
tation of the axes used here is indicated 
with respect to a regular tetrahedron. 

If a, b, c, d designate the corners of 
the tetrahedron the atomic orbital func- 
tions (III, 17) can also be written 

«Ai = #(2s) + »/i(2pJ 

^2 = l^(2s) + -|V^3 ifj{2p^) 

03 - 1-0(2.) + -U^3 0(2p,) 

04 = i0(2.) + J V3 0(2p<i), 


atomic orbitals previoush’ given (eq. 



Fig. 118. Orientation of axes to des- 
cribe tetrahedral orbitals. 


where 0(2^^) is of the form of a 2^^ function if the :-direction were in the direction 
from the central atom to a, and similarly for 0(2^^,), 0(2p^) and 6\2p . 'Note tliat 
0(2pa), 0(2pj,), . . . are not mutually orthogonal.] From the form III. IT i it can 
immediately be seen that the four orbitals 0^, 02, 03, 04, are mutually urtli'ijonai 
[since 0(2.), 0(2p^), 0(2py), 0(2^^) are orthonormal]. The form (111. 18? makes it 
obvious that the four orbitals are equivalent. 

It is interesting to compare one of the hybrid orbitals (III. 18), say lii, . with the 
orbital 0(2^^). Figure 119a and b show the form of 0(2^^) and 0^ respectively by 
means of contour diagrams using the Slater forms of eq. (Ill, 6). Here it must be 
noted that Slater’s approximation neglects the radial node of 0(2.). Figure 119e 
gives 01 using the more rigorous (self-consistent) forms of 0(2.) and 0(2p) following 
Moffitt and Coulson (868). In either approximation it is seen that the wave 
function 0i is concentrated much more in the direction toward a than is 0(2^^,) 
which is equally concentrated on either side of a plane through C perpendicular to 
the C-a axis (see Fig. 119a). 

If now an H nucleus (or a similar nucleus) is brought to a, a new orbital 
0(Ha, 1.) becomes available to any electron that may be present (this is apart from 
excited orbitals which are not under discussion here). If the energy of this H 
atom orbital is not too different from that of 0i it will mix with 0i and as a result 
we have the two orbitals 


01 = Cii0i(C; 2s, 2p^) + Ci20(H^; 1.) 

02 ~ ^210l(^j 2s, 2^jj) 4" C'22^(®^a5 


(Ill, 19) 
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one of lower and one of higher energy than the energy for large separation of 
and C. There are similar pairs of orbitals equivalent to (III, 19) for each of the 
other tetrahedral directions (6, c,d). None of these eight localized orbitals (also 
called tetrahedral hybrids) belongs to any of the species of point group but there 
are, as before for H 2 O, linear combinations of these localized orbitals which are no 
longer localized and w'hich do belong to the species of 

If instead of mixing (hybridizing) 2s with 2py, 2^^ we mix it only with 
and 2py and leave 2p^ unchanged (sp^ hybridization) we can obtain three 
equivalent (normalized) orbitals wdich are localized in the rc,y-plane and point to 
the corners a, 6, c of an equilateral triangle. Similar to (III, 18) they are given by 

-Ai = :^^(2«) + 

^ + yi {III, 20) 


These functions must again be combined with the orbitals of the attached atoms as 
indicated by (III, 19) to give two locahzed orbitals for each bond. These orbitals 
are called trigonal hybrids. They are of importance in all cases in which three 
equivalent bonds lie in one plane. 

If we mix 2s with say 2p2 only and leave 2p^ and 2py unchanged (sp hybridiza- 
tion), we can obtain two equivalent orbitals which are locahzed in the positive and 
negative z direction and are given by 


=^[.A(2a) + ^(2pJ] 

= + >P(2pM 


(III. 21) 


These orbitals, or their combinations with those of the attached atoms, are called 
digonal hybrids. 

It can be easily shovn [see Lennard-Jones (738)] that six equivalent orbitals 
locahzed in the directions to the corners of a regular octahedron cannot be obtained 
by any combination of s and p atomic orbitals but that at least two d orbitals must 
be included in the hybridization. For the mathematical form of these orbitals 
see, e.g. Coulson (7). The various types of hybridization and the atomic orbitals 


Fig. 119. Cross sections of 2p and of tetratiedral (hybrid) orbitals of the G atom, 
(a) Slater 2p orbital = 2.275), (6) Slater tetrahedral orbital [^^(2^) 4- |v 3,^(2pa)h 
(c) tetrahedral orbital built from self-consistent 2s and 2p orbitals [after Moffitt and 
Coulson (868)]. The cross sections are repr^mted by contour iines along which the orbital 
function has a fcced value. The abscissa axis repr^ente the direction from the central (carbon) 
atom (marked x) to one of ih© CMrners of the tetrahedroii (»5ale in Bc^ir radii). Note the 
diffeMio© in' sign of ^ at left 'and 
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of the cTiitrai atom neetied to form equivalent localized orbitals are summarized 
in Table 29. 


Table 2 fl. Types of hybridization to form equivalent 

LOCALIZED ORBITALS, ACCORDING TO KiMBALL ( 666 a) 
AND Macek and Duffey ( 786 ) 


Number of 
equivalent orbitals 

Symmetry of molecule 

Orbitals used for 
hybridization 

2 

linear XY2, 

sp, pd 

3 

planar XY3, 

sp^, dp^, sd^, d® 

3 

non-planar XY3, 

p®, pd^ 

4 

tetrahedral XY4, 

5 p®, sd^ 

4 

square XY4, 

sp^d, 

5 

bipyramidal XY5, Ds/j 

sp^d, spd^ 

6 

octahedral XYe, 

spH^ 

12 

icosahedral XY^g, Ih 

sp^d^f^ 


In general it is easy to derive which atomic orbitals must be hybridized in order 
to obtain a given number of equiv’alent orbitals. One must establish what the trans- 
formation properties of the equivalent orbitals are, reduce the resulting representation 
into its irreducible components and see from which atomic orbitals these components 
can arise^. For example for four tetrahedral orbitals ipi, ^ 4 ? we see immediately 

that they transform for the operations /, C 3 and ^ 


^2 

^3 

^4 


/ 

10 0 0 
0 10 0 
0 0 10 
0 0 0 1 


Cq 

10 0 0 
0 0 10 
0 0 0 1 
0 10 0 


10 0 0 
0 10 0 
0 0 0 1 
0 0 10. 


Therefore the characters are 4, 1 , 2 . According to Table 53 (Appendix I) these 
characters can be obtained only by adding those of species Ai 4- F 2 . The species Ai 
according to Table 58 (Appendix IV ) can only be obtained from atomic 

orbitals while Fg can only be obtained from orbitals. The lowest com- 

bination of orbitals to give four tetrahedral localized orbitals is therefore sp^, the next 
lowest The combinations p^/, d^f, . . . would also give tetrahedral orbitals 
but in practice they are not of great importance since the / orbitals for the lighter 
elements have rather high energies. 


For some purpwes, we may use s-p hybridized orbitals instead of the pure 
aad locaiked orbitals previously described even in an XYg molecule like H 2 O; 
tlijfcl in of ^(0; 2p^] and ^{0; 2p^) in (III, 16) we may use (omitting the 

Vi + A^) 


#iO; = A^O; 2^) + ^(0; 2p^) 

= ^O; 2a) + jiO; 2p^). 


(Ill, 22) 


* CSoiw^pip#, pgiioedfwe few wfeksii inolec^ikyr. orbitals can 'arise from 

a number of eigpivatent atcwafe orbitife in equiira^t atoms (p. 303 f). 
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Here A is the hybridization parameter. When it is zero we have pure p localized 
orbitals oriented at 90° to each other and in that case ^(0; 2pJ = ^(0; 2p^) and 
i/f(0; 2pf^) = ip{0; 2py), For different degrees of hybridization the angle between 
the two directions to a and b varies; or, in other words, if we want to obtain an 
angle O' different from 90° between the two localized orbitals we must introduce 
hybridization between 2s and 2p. A simple calculation [see Coulson (7)] shows 
that 

A2 == -cosi^. (111,23) 

For A = l/VS we obtain d' = 109° 28', i.e. tetrahedral orbitals, for A = l/\/2 we 
obtain O' — 120°, i.e. trigonal orbitals. In H2O where empirically d' = 104° 30' 
w^e w^ould need A = 0.50 in order that the localized orbitals point in the direction of 
the two H atoms. While these two orbitals are equivalent the third orbital 
arising from the atomic orbitals sp^ is not equivalent with them but is given by 

UO; 2s, 2p,) = /x^(0; 2s) + ^(0; 2p,), (III, 24) 


if c is the direction bisecting the YXY angle. 
ipa. and j/fj, we must have 

cos ii?* 
M ^ 


In order that be orthogonal to 


(III, 25) 


w^hich for S' = 104° 30' yields ft = 1.22. i[t(, is the so-called lone-pair orbital of 
H2O. According to eq. (Ill, 24 and 25) it is mainly a 2s atomic orbital of the 0 
atom but with some admixture of 2p. 

In a similar w'ay, in a molecule like NH3, s-p hybridization can be introduced. 
The resulting orbitals are of the form (III, 18) except that the coefficients are 
different, viz. 

^,(N; 2s2p,) = A^(N; 2^) + 4s(N; 2p,) 

2s2p,) = A^(N; 2^) 4- «A(N; 2p,) 

2s2p,) = A^(N; 2^) + ^(N; 2p,) 

UN; 2s2p,) = ft^(N; 2s) + ^(N; 2p,) 


where as before 


A^ = — cosi^, 


d' being the angle between the NH bonds. In addition 

cos B 

p, = 


(III, 26) 


(III, 27) 


(in, 28) 


where ^ is the angle of an bond with the symmetry axis (cos = Vf + | cos 1^). 

The functions U U are hybridized equivalent orbitals corresponding to p^, Py, 
p^ before hybridization; is the lone-pair orbital. Only when O' is the tetrahwiral 
angle, i.e. cos d* = — J, are all four orbitals equivalent. Upon molecule formation 
the three H atom orbitals will mix with the three equivalent orbitals of the N atom 
yielding two orbitals of the type (HI, 19) for each one of the equivatett orhitafe. 



:m 


BUILDING.VP PRINCIPLES 


III, 2 


Spin-orbitals. All the orbitals treated so far, atomic orbitals, molecular 
orbitals, group orbitals, localized orbitals, equivalent orbitals, are functions of the 
spatial coordinates of the electrons only. As long as spin-orbit coupling is small 
the spin defKmdence of one-electron wave functions can be taken into account by 
multiplving the orbital wave function ijs by a spin function <p which depends on 
the spin variable <j. Thus we have for the complete spin-orbital wave function or, 
for short, spin-orbiial. 

T = y, z)(p{a), (III, 29) 


The spin variable a can assume only the two values + ^ and — ■ ^ which are the 
components of the spin in a magnetic field. Thus the spin introduces a degeneracy 
(spin-de‘generac‘v) such that for each energy value there are two eigenfunctions 

+ and T” = (111,30) 

In a magnetic field, there wiU. be a splitting into tw'o levels of slightly different 
energy. The symmetry of the spin functions for various point groups and for 
various values of the resultant spin has already been discussed in Chapter I, p. 14f. 


(b) Order and correlation of orbitals 

In introducing the concept of molecular orbitals in the preceding subsection 
we have already considered the order of the orbitals in the limiting cases of the 
united atom (or united molecule) and the separated atoms (or groups of atoms). 
For diatomic molecules, from the correlation of the orbitals in the limiting cases 
the energetical order in intermediate cases can be estimated, as considered in detail 
in Volume I. The same method can be applied to polyatomic molecules even though 
the quantitative uncertainties of this method are even larger here. Moreover, a 
separate correlation diagram must be drawn for each type of molecule. 

Linear XY 2 molecules. Let us first consider a linear XH 2 molecule. The 
energies of the orbitals of the united atom with n = 2 and n = Z are shown at the 
extreme left in Fig. 120, while those of the orbitals of the separated atoms are 
showm at the extreme right. Here it is assumed that the la orbital of H has an 
energy sfightly below’ that of 2p of X, as for example in CH 2 or BH 2 . For the 
X atom, as for the united atom, only the orbitals wdth n = 2 and 3 are shown. 
Ikch orbital of hydrogen is double since there are two H atoms. For NH 2 the 
order of the 2p^ and lag orbitals at the right would have to be reversed. Next to 
the atomic orbitals at the left are shown the molecular orbitals into which they go 
ofw in a lin»r conformation the previous discussion, p. 297). Next to the 
r^ht the molwalax orbital energies corresponding to the orbitals of the 
shown. The la orbitals of the two H atoms give the two 
iwhihifc and 0 ^ ano© they can be oombmed as 

and ^{laeO - ^(1%^). (111,31) 

The mo^mkr orbildb are numbeced in order of their energy 2^^, Z^g, 4o-g, . . . , 
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o-j 2s, 

separated 

atoms 


Fig. 120. Correlation of orbitals between large and small intemuclear distance in 
linear XH 2 molecules. At the extreme left are the energies of the orbitals of the united 
atom, at the extreme right those of the separated atoms. It is assumed that the ionization 
potential of X from the 2p orbital is less than that of H from the Is orbital. 

etc. (lo^ corresponds to the I 5 orbital of X which is not shown)®. The energetical 
order of the orbitals in the molecule is given by the intercepts of a vertical line 
(not necessarily a straight line) with the connecting lines between right and left. 
These connecting lines are drawn in such a way that there are as few intersections 
as possible. Orbitals of the same species cannot intersect. 

It may be noted that, on account of this correlation, two of the orbitals, 
arising from 2px and of the separated atoms, lower their enei^ on reducing 

® Many authors leave out the K eleotrcms of atoms other than H in the counting, i.e„ they 
would call the lowest <rg orbital ribown in Mg. 120 lag rather tiian 2ag as is done tore. Mote 
that the nurnbers preceding ttie species symbol are not principal cpianituin auixybess. 
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the intemuclear separation, while the other two rapidly increase their energy. 
In addition the tw'o < 7 ^ orbitals, Icxy and being of the same type ''repel’’ each 
other. This is indicated by ciirvatiire (opposite in direction) of the two correlation 
lines. It must be emphasized, however, that this whole procedure is extremely 
crude and can give reasonable predictions only w’hen checked as much as possible 
by experimental data. 

If the two atoms attached to X are not H but some atom Y like X of the second 
period of the periodic system, the correlations are somewhat changed as shown in 
Fig. 12L Moreover the correlation to the united atom is less important since the 
vertical line corresponding to an actual molecule is still farther to the right. The 
orbitals as given at the right-hand side of Fig. 121 correspond very roughly to those 
in CO 2 and similar molecules. Again the pairs of orbitals of the same type (3a^ 
and 4crg; Itt^ and 27r^; 3cr^ and do-y) arising from atomic orbitals of nearly the same 



larfe and smaU mtermuclear distances in 
120. It is assumed here that the. ionizatioin, 
pO'imtmU ef X imm tfe % tai orbitals are. amalier those of Y . 
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molecule seporated oIctos 


Fig. 122. Shapes of the orbitals of the separated atoms and overlapping of these 
orbitals to form molecular orbitals for linear XYg (schematic). The atomic orbitals 
in the form adapted to molecular orbitals are shown at right (corresponding to the right-hand 
part of Fig. 121), The combinations of these orbitals in the molecule are ^own at left (corre- 
sponding to the canter of Fig. 121). Only one component of tihe » orbitals is shown. 
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energy ‘"repel” each other as indicated by the curved connecting lines. 
On the other hand, orbitals like 2<Tjj, i are in a first rough approximation changed 
very little from 2 ^y or 2py -2pY atoms are brought together, since 

the two Y atoms even in the molecule are far apart and since there is no orbital of 
X of the right symmetry to mix with them. 

It is interesting to consider the shapes of the \vave functions for the orbitals 
just discussed. They are shown schematically in Fig. 122. It is seen that the 
two cj^ orbitals at very large separation (right-hand side of Fig. 122) can be over- 
lap|>ed in phase and out of phase. As we shall see in more detail later, the in- 
phase overlap corresjwnding to 0^(2%) + cTg(25y) = gives rise to a lowering 
of the energy, the out-of-phase overlap corresponding to o‘g{2ax) - o-g(25y) = 4o-^ 
gives rise to an increase of the energy. The same applies to the two orbitals 
which give cT^{2px) + ^^(2^^) = 3au and crj^(2px) — otuI^Py) — 

7 rJ 2 p) orbitals the overlap is, so to speak, sideways, again in-phase and out-of- 
phase overlap giving rise to the orbitals 7rJ2px) + ^u(^Py) = and 7rJ2px) — 
7tJ2py) = 27ry. In a first approximation no overlap occurs in the orbitals 2ory, 
iTTg and 5ag, since each of them is formed entirely from orbitals of the Y atoms^^. 

Bent XYg molecules. The correlation of the orbitals of bent XH2 between 
the united atom and the separate atoms is shown in Fig. 123. Here the p atomic 
orbitals on both sides of the diagram split into three molecular orbitals (see 
Table 58 of Appendix IV), viz. Ui, b^, 62 corresponding to p^, p^y Py. The two 1$ 
orbitals of the two H atoms form and 62 molecular orbitals in this point group 
coiT€®ponding to Ish' + a-nd l^g' — Ish- P* 3^^)* Again the connecting 
lines between the levels in the two limiting cases are drawm in such a way that 
orbitals of the same species, now’ in €21,, do not cross. The two orbitals and 
4^1, and similarly Ifig and 262, ‘‘repel” each other, as indicated by the opposite 
curvature of the connecting lines. In Fig. 124 the shapes of these orbitals are 
indicated show ing the in-phase and out-of-phase overlap. An important difference 
between the bent and linear case (Figs. 123 and 120) should be noted; In the bent 
case both orbitals (3ai and I62) arising from the two H orbitals lower their energy 
(are “ bonding” orbitals, see below') w^hen the atoms are brought together, while in 
the linear case only one does As a coroUary, it will be remembered that for 

an angle of 90® in the bent molecule there is no s-p hybridization, that is, the 
orbital 2ai arising from 2sx is little affected by the interaction with 3ai and 4^^^ 
while for a 180° angle (and intermediate values) s-p hybridization is possible and 
m a «msequence the 2or^ orbital interacts strongly with the 3 ct^ orbital and is 
down somewhat (^ the broken-line connecting curves in Fig. 120). 

By the rmdts of Bigs. 120 and 123 we can now plot a rough diagram 

wli^ Aows vaaia&ii of fee c^rbitai enei^es in changing the angle from 180° 
to Wr . IMs Is Aown in 1%. 125. Such diagrams were first discu^ed by Walsh 
(l^Sa) and now often called. Walsh diagrams. 'Die oorrelalion of the orbitals 
betwem feffc and r^t fdObi^ of course fee symmetacy rules of Table 59 (p. 576), 
^ See imwisver p, 



Ill, 2 


ELECTRON CONFIGURATIONS 


317 



Fig. 123. Correlation of orbitals between large and small intemuclear distances in 
bent XHa molecules. See caption of Fig. 120. It is assumed that the ionization potential 
of X from the 2p orbital is smaller than that of the H atom from the la orbital. 


The lowering of the orbitals 2a^ — 2ag and lb 2 — lar^ from left to right is due to 
increasing hybridization. The orbital Ib^ — lTr^ remains essentially unchanged 
since in both bent and linear XY 2 it is not subject to interaction mth any other 
orbitals having 71 = 2; but 3ai — change strongly since in the bent form there 
is a strong interaction as pointed out above. 

If the Y atoms of bent XY 2 are not H, the correlation diagram between united 
atom and separated atoms is of course considerably changed compared to Fig. 123; 
but since the relation to Fig. 123 is the same as that of Fig. 121 to Fig. 120 the 
reader can eaaly plot this diagram himi^lf. Instead we give in Fig. 126 the 
resulting correlaticm of orhital energi^ between the bent Mtd linear form. 
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Fig. 124. Shapes of molecular orbitals of bent XHg in terms of linear combinations 
of atomic orbitals (schematic). For the Ibi orbital two views are given. All other orbitals 
are symmetrical with respect to the molecular plane. 


The original version of this diagram given by Walsh (1264) has been slightly 
modified as suggested by Fischer-Hjalmars (386) and Green and Linnett (446). 
It is seen that the 4org, Sog and 40”^ orbitals favor the linear conformation 

while — and more strongly 27r„ — 6^1 favor the bent conformation. The Is 
orbitals are not shown since they w^ill remain essentially atomic orbitals. 

A similar diagram for HXY molecule has been given by Walsh (1265). A 
more detailed theoretical Justification of the basis of the Walsh diagrams has been 
afcteiipfced by Ccmteon and Nielsen (241). 

Planar and non-planar XHg molecules. In Fig. 127a the correlation 
diapam orbifads ,of flmaar XHs (point group is given. The diagram 

m §m lK«yr i.e. it sho-ws the correlation between the 

edttUte md XH dwteoe. tJhree' H atom Is orbitals, as 

have mm. panevioudy (p. Table 61), foim the molecular orbitals a^' and e'- 
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There is strong interaction (repulsion) between the orbitals IF and 'IF and to a 
smaller extent between 2ai and 3ai. 





90“ 180“ 

Fig. 125. Walsh diagram for XHa 
molecules. The variation of orbital 
energies in going from a bent (90°) to a 
linear conformation is shown. The 1^ 
orbital of X is not included. 


90» SC“ 

Fig. 126. Walsh diagram for XY 2 
molecules. The order of the orbitals at 
right and left is not uniquely determined 
from theory. The Is orbitals of X and 
Y are omitted but have been taken into 
account in the numbering of the orbitals. 


For non-planar XH3 (point group Ca^) the correlation is somewhat different, 
as shown in Fig. 127b, since the species ai and aj are now identical and are called 
a^. Also the mutual interactions are somew^hat different, since at a 90" angle 
between the bonds there is no hybridization between 2px a^i^d 2^x ^ 

consequence, no strong “repulsion*’ between and 2ai; rather, Zai interacts 
with 4^1 and on that account is pushed down. 

In Fig. 128 is shown a Walsh diagram correlating the orbitals of planar XH3 
to those of non-planar (90°) XH3 [see Walsh (1266)]. The energies of the orbitals 
at left and right are taken from appropriate vertical lin^ in Fig. 127b and a 
respectively. As before the correlation rules of Table 60 have been ob^rved in 
connecting the levels at the left with those at the right. The most important point 
in this diagram is the Aarp rise of the 3^1 ~ 1<4 orbital firom left to right, alr^wij 
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Fia. 127. Correlation of orbitals between large and small internuclear distances (a) in planar XH 3 (point group Dg^), ( 6 ) in 
nott-planar XHg (point group Cg^). See caption of Fig, 120. It is assumed that the ionization potential of X from the 2p orbital is 
somewhat less than that of H from the Is orbital. 
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Fig. 128, Walsh diagram for the correlation of orbitals between non-planar ana 
planar XHj. The l.v orbital of X is not shown. 

explained above. Closely related to this is the pronounced drop of the 4^/^ -Sai 
orbital and the slight drop of 2ai-'la\. The similar drop of the U- le' orbital 
follows according to Walsh from the H — H anti-bonding character (sec secti(in 3) 
of this orbital which is less pronounced in the planar conformation since the H 
atoms are farther away from one another. 

A diagram similar to Fig. 128 for XY3 (non-hydride) molecules has been given 
and discussed by Walsh (1267). 

Tetrahedral XH4 and XY^ molecules. In Fig. 129 the correlation diagram 
of the orbitals of tetrahedral XH4 is given. The molecular orbitals arising from 
the atomic orbitals of the central (X) atom are immediately read off Table 58, 
p. 574, as are the molecular orbitals arising from the united atom. The four hs 
orbitals of the four H atoms (and similarly the four 2^ orbitals) yield, according to 
a discussion entirely similar to that for the three H atoms in CHg on p. 303, the 
molecular orbitals and /a (see Table 61, p. 578). The determination of the 
orbitals derived from the four 2^^ orbitals is similar to that for three 2p^ discussed 
earlier (p. 304). As listed in Table 61 the molecular orbitals /g, e, /i, /a arise. 
In the XH4 molecule we expect strong interaction (repulsion) between the orbitals 
2ai and and similarly between I/2 and 2/3. 

In XH4 molecules in general the orbitals formed from 2sj^ and need not be 
considered. However when H is replaced by Y they must be considered (for 
example for CF4). In that case in Fig. 129 the central atom orbitals 2sx, • • • 
have to be moved upwards appropriately such that the correct relation between 
the ionization potentials of X and Y is represented. For heavier central atoms a 
strong interaction between orbitals derived from 2sy or 2pY with thoro derived 
from 3dx or 4dx or even 4/x may arise [see section 3(b)]. 
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Fiq. 129. Correlation of orbitals between large and small internuclear distances 
for tetjrahedral XH 4 . See caption of Fig. 120. 


Octahedral XYs molecules. In octahedral XYg molecules we have six 
equivalent and 2 ^y orbitals. From group theoretical considerations similar 
to those given earlier (see Table 61) we find that the 2 sy orbitals give rise to the 
molecular orbitals and the 2j?y orbitals to a^g, 2/i^, /s^, fzu- Again 

the molecular orbitals arising from the central atom can be read off directly from 
Table 58, p. 574. Octahedral molecules do not arise for central atoms of the first 
period but only when 3d orbitals are partially occupied in the ground state. 

In Fig. 130 a diagram of the orbital energies is given in a somewhat different 
manner iioin the preceding diagrams: omitting the correlation to the united atom 
(which » not of interest here) we give at left the orbitals of the central atom (X) 
up to 4p and toe molTOiilar orbitals that arise from them when the atoms are far 
apart; aamilaf^r ml ||» r^t toe orMtafe of the ^^Ugand'' atoms (Y) and the mol- 
ecular crhilate toal <araw fipMa tfeem mroording to Table 61. In the center the 
orbitals of tte r^paliiiig when eeater and %and atoms are brought 

together, are shown qpiaiiattvily, Wwiy arw %■ toe mutual inte'action of orbitals 
of the same At 1^ hhe number and type a£ orbitals remalp 
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X XYe Ye Y 

Fig. 130. Correlation of orbitals between the separated atoms and the molecule 
for octahedral XYe. At left are the orbitals of X, at right those of Y. It is assumed that 
the ionization potential of X from the Zd orbital is somewhat less than that of Y from the '2p 
orbital. The 3^, Zp, Zd orbitals of Y are considered to be unoccupied in the ground state of Y 
and are not shown. The ligand orbitais/ig,/ 2 j,,/iu,/ 2 u arising from of 2py are usually 

disregarded for reasons that are not entirely clear. They are showm here, assuming that they 
do not mix appreciably with the other orbitals of the same species. 

unchanged in going from the sides (large separation) to the center. For example 
the aig orbital from 2.§y and the aig orbital from 3sx form two aig orbitals of the 
molecule, one appreciably higher than the higher of the tw^o and one appreciably 
lower than the lower of the two. In these two molecular orbitals the atomic 
orbitals are strongly mixed as indicated by the connecting lines to both atomic 
orbitals. There are also orbitals like f 2 g from 3dx or Cg from 'Isy which even in the 
molecule are essentially orbitals belonging to the central atom alone or to the 
ligand atoms alone. 

Diagrams like Fig. 130 are widely used in crystal field and ligand field theory. 
In these theories one often considers the effect of the “ligands” Y as a small 
perturbation and is then able to estimate the splitting of the atomic orbitals of X 
under the action of the field produced by the Y atoms (or ions). 

The molecular orbitals for many other polyhedral molecules of various 
symmetries have been discussed by Hoffman and Gouterman (561). 


Planar H^XY molecules. As mentioned before when more than one hmrj 
atom is present in a moieenle that contains in addition several H atoms it k more 
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HoXY 


2H+XY 


C 

. « j? t ^ ur w +rt of the united molecule 

Win. 131. Correlation of the abscissa is the XH distance. Note 

Yj and to those of 2H + XY. The variable along .^hile at the right, since 

that at the left, since is homonuclear, the orbitals " However, just as at the 

XY is heteronuclear, the g, u mixtures) of the 2^ orbitals of X and Y and 

left, the orbitals a'28 are mixtures but^t 50:50 ^ ^ 2p is reversed at the right 

similarly for the other XY orbitals. CO to 0. (see Vol. I, 

comparkl to the left in accordance with the situation in CU as compai 

p. 346). 

atom. As an example, in Fig. 131 the correlation diagram for planar ^ 

.tow. »u«me lh.l the mited .ten, ot XH, i. Y end ‘l»‘ 

»ofe»le » Y, ;«> ie H,CO tvhose united moleeul. ie 0 ,) At left the otb.tels of 
y, are shown as well as the orbitals arising from them in 2 „ symme ry. 
right the orbitals of the XY molecule and the two H atoms are given as well as tte 
orbitals arising from them in € 2 ^. symmetry. If, as before, we connec e or 1 . 

at the right with those of equal tyqje at the left (avoiding aU mtersections of o - 
tals of the same species), we obtain an idea, even though an extreme y roug 
of the relative order of the orbitals for intermediate X— H distances^ 

Very similar, even simpler considerations can be applied to H an o 2 2 
The reader may easily plot diagrams similar to Fig. 131 for these cases. ne can 
of course also plot diagrams similar to Figs. 120, 121, 123 giving the corre a ion 
the urdtoi atoms. 


Planar molecules. For a discussion of the orbitals of planar Xa 4 

or more een^mly molecules, one may consider the correlation to a umte 

moleeulte (wl^re Z is tiie united atom of XHa or XYa) or to a unite mo ecu e 
UY 4 {mimm U m the united atmn of X 2 ) or to the united atom of the who e mo e 
cule. Evwi «»elation ^ a imited atom or molecule most of the qu^ 

tive informatioii order of tte: orMtals. can be obtained in this ca^ ' 

the interaction of orbitals of the same species. This is shown in Fig. 132 w ere a 



Ill, 2 


ELECTRON CONFIGURATIONS 


325 


the extreme right the orbital energies of XHs are plotted. Each of the XH2 
orbitals splits into two when the XH2 radicals are brought together; one of these 
two orbitals is symmetric, the other antisymmetric, with respect to the new plane of 
symmetry. As Table 60 , p. 577 , shows, aj gives and gives 635 and 

and 62 gi'^'es 62^ and b^g. The two lowest pairs of Ug and orbitals interact 



Fig. 132. Correlation of orbitals of two XH 2 groups to those of an X 2 H 4 molecule 
of point group D2h and to the united molecule Z^, In the right-hand part of the diagram 
the X-X distance, in the left-hand part the X-H distances increase from left to right. 

strongly leading to the energies given in the center of the diagram. As we have 
seen above, in XH2, of the two molecular orbitals arising from the two orbitals 
the one without a newly formed nodal plane (Ui) lies lower than the one with such a 
plane (62) ; similarly here, in the pairs 62^ — 63^, — 623. the ones without a 

new nodal plane, i.e. 621x5 ^3ix» low^er than their partners formed from the same 
state of XH2. Here as elsewhere this rule is important for an understanding of 
the order of the orbitals as was first pointed out by Mulliken ( 891 ). The correla- 
tion of the orbitals to the united molecule (O2 for C2H4) has been added at the left 
in Fig. 132 . It would be easy to draw a diagram similar to Fig. 132 for X2Y4, 
with Y 7^ H making use of Fig. 126 for XYg. 

The pairs of orbitals arising from a given orbital, say 2 ai, of the XH^ group, may 
be represented by wave funetbins whi<^ are in a first ^proxiin*rf^ioiai #»© aim apd 



326 


111,2 


BUILDING-UP PRINCIPLES 

difference of the two XH 2 orbitaln, e.ir."*, and ^(2ai) — V^/(2ai) or, for 

ftliort, 2ai d- 2a 1 and 2ai — 2ai. 

XaHg molecules of symmetry. In Fig. 133 the correlation of orbitals 
for an XaH^ molecule of Dad symmetry is given when it is built up from two 
non-pknar XH3 groups of C3, symmetry. The energies of the orbitals of the XH3 
grou|B are taken from Fig. 127 b. Again vve have a doubling of all the orbitals of 



Fig. 133. Correlation of orbitals of two XH3 groups to those of an XgHe molecule 
and to the united molecule Y 2 . It is assumed that the symmetry of the system is 
throughout. See caption of Fig. 132. 


XH3 and again it is the interaction of orbitals of the same species (in particular 
2a|g— and 2a2u~^2u) which causes the main readjustment of orbital energies. 
In addition, just as for X2H4 we must take account of the fact that the orbitals 
with a newly formed nodal plane lie higher than those without such a plane if they 
we derived from the same XH3 orbital; for example 2 aig is lower than 2a2u, l^u 
is lowrar than and so on. The correlation to the united diatomic molecule Y2 
[that is fof r(X — H) 0 ] is also shown in Mg. 133 . 

If the XaH® mofecufe is of symmetry instead of D34 all one has to do is 
dbange to Hj, to €i%, to e' a«i to c* (see Table 59 , p. 576 ). K XH3 were 
plmiar (point group D^) mm wcmld €)C course first have to correlate with the 

* Here it is unde«l€>oii,. but not expikitly noted in the d^ignation, that the two function^ 
have different and — #(2cii) is not ssero. 
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corresponding species of since these are the ones that matter in the formation 
ofX^He. 


Tt orbitals in benzene and other unsaturated molecules. Molecular 
orbitals that arise from p atomic orbitals and are antisymmetric with respect to 
tiie plane of the molecule are often called tt orbitals®. For example the orbitals 



Fici. 134. Form of the 163^ and Ifejg orbital functions of X2H4 (schematic). The 
diagram gives a side vic^w from a point on the y-axia (the 2-axis is the X-X axis, the x-axis is 
perpendicular to the plane of the molecule, i.e., in the plan^ of the paper). If tilled by two 
electnjns the first diagram represents a w-bond, the second a tt anti-bond (see p. 394). 

I63U and 162^ of C2H4 which arise from a Ib^ orbital in the CH2 group (see Fig. 132 ) 
are antisymmetric with respect to the molecular plane, i.e. they are tt orbitals. 
Figure 134 shows schematically the form of the tvv’o wave function.s: in one, I63.. 
the atomic orbitals (or 6^ molecular orbitals of CH2) are ov’erlapped in phase, in 
the other, 162^, out of phase. The former has the lower energy, the latter the 
higher energy. Since the p^ orbitals are in general the most loosely bound orbitals 
still occupied by electrons in the separated groups, the corresponding tt orbitals of 
the complete molecule are very important for an understanding of the stability of 
the molecule, and, more specifically, of the nature of double- bonding; they also 
largely determine the lowest excited electronic states of these molecules. 

In discussing the tt orbitals of the benzene molecule, in accordance with 
general custom, we choose the 2-axis (rather than the j?-axis, as in C2H4) per- 
pendicular to the plane of the molecule, that is, the tt orbitals are derived from p^ 
atomic orbitals of which there are six, one for each carbon atom. For the present 
discussion we disregard the molecular orbitals arising from s, p^ and Py atomic 
orbitals. 

It was first shown by Hiickel ( 584 ) that when the six carbon atoms of CgHs, 
each with one p^ atomic orbital, are brought S3m[imetrically together four molecular 
orbitals of different energy arise, two of w^hich are doubly degenerate (see Table 61 , 
p. 578 ). This is shown schematically in Fig. 135 . The orbitals have the species 
^2g with energies Eq + 2^, Eq + P, .Fq - P, and Eq - 2^ respectively 

® This d^igpiatioii is «.tirely ocMmstent with other usia of tt but it is wefi 
in the literature. 
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Fro. 135. Splitting of orbitals derived from the six 2p^ orbitals of six carbon atoms 
in the formation of a Ce ring of Dq^ symmetry. 


where p is the so-called resonance integral giving the interaction between neigh- 
boring C atoms [see Couison ( 7 )]. ^ is in general negative so that ctgu with energy 

Eq + 2jS is lowest. Eq is the energy for zero interaction. 

On the basis of the group -theoretical method previously described (p. 303f) it is 
easy to see how the four orbitals of Fig. 135 arise. Let (pi be the 2p^ orbital function 
of the ith carbon atom. It is antis^Tometric with respect to the plane of the molecule. 
The transformation properties of the six functions cpi wuth respect to the symmetry 
elements of point group Dq^ are easily derived. For example, a rotation by 60° about 
the six-fold axis changes <pi into 92» 92 93* that is, the character of this sym- 

metry operation is 0; reflection at the plane of the molecule (a?y-plane) changes every 
<pi into its negative, that is, the character is --6; reflection at a plane of symmetry 
through (pi leaves 91 and 94 unchanged and changes 92 into (pQ and 93 into 95, that is, 
the character is + 2 and similarly for the other symmetry operations. In this way we 
obtain a (reducible) representation of the point group with characters 

I Cq Cg C 2 C 2 C 2 Un (7„ Od . 

-h6 0 0 0 -2 0 -6 -f2 0 . i-LJ-J-, 

It is readily seen that this set of numbers is the sum of the sets of characters of the 
irreducibie representations ^211? ^29* Eigy ^2u (see Table 51, p. 566) and this is the only 
way in which the representation (III, 32) can be reduced. N'o matter what the inter- 
actions, as long as the symmetry is preser\^ed, the orbital wave function of any 
etectron originally 2pa of C must belong to one of the four species mentioned. 

An alternative method of deriving the same result is to resolve the atomic 
orbital into Ihe local symmetay of a C atom in CbHs, viz. C2C. This yields the species &i . 
It k mm only nectary to see which species of give on r^olution to Cqv (with 
61. According to Table 59, p. 576, these are precisely the species 
abeodly above. 

*I1» wave feiiieticms of Mie four v orbitals can eadly be expressed in terms of 
tti© fwnfffetts ^ ^ sqpeyratei carbon atoms since they are entirely determined 

by gymBietiy. ‘(bte 'iiA 

Sot ■=. 92 ' -I"' + ■ 94 ,+ 9s 4 - -9%}, 
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for the ^ig orbital (952^ — ^2 — ^9^3 — 9*4 + 9^s + 

= |( 9 i + 92 “ 94 - 95)* (in, 33 ) 

for the ^2^, orbital ^2°^ = {“ 9 i 9^2 + 293 - 94 “* 95 + 295) 

^2 = i(9i - 92 + 94 “■ 95 ). 

for the 62s orbital 4- ^2 — 93 + 94 “ 95 + 96 )- 

These orbitals are shown schematically in Fig. 136 . All orbitals are antisym- 
metric with respect to the plane of the molecule. Only the part of the wave 



Fig, 136. Shapes of orbital functions derived from six Ip^ orbitals of six carbon 
atoms in a hexagonal Cg ring. Only the shape and sign of the function above the C® plane 
are shown. Note the nodal planes through the 2 -axis indicated by dot-dash lines. 


function above the plane is shown. It is seen that the orbital functions have 
0 , 1,2 and 3 nodal planes through the symmetry axis. As usual in wave mechanical 
problems the energy increases with the number of nodal planes (compare Fig. 135 
with Fig. 136 ). 

The orbital wave functions can also be written in a more concise way as 

~ ®i9i "b ^292 + • • • + Ce96 (III» 2^) 

with 

- = 

Ve 
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i = ± K ±2 and 3 correspond to the a 2 u» ^igy ^ 2 u 629 orbitals respectively. 

This form shows more clearly that ail six orbitals of the separated carbon atoms enter 
Hyninictrieally into all six tt orbital functions. But the forms (III, 33) are more easily 
visiialize<l arid the relation to the corresponding normal vibrations (see Vol. II) is 
made more obvious. 

(c| Molecular wave functions and the Pauli principle 

Up to now in this section we have considered only the orbital wave functions 
of single electrons in the field of the nuclei and the average field of the other 
electrons. We must now consider the question as to how' the electronic wave 
fundion of the whole molecule is related to those of the individual electrons. Or, in 
other w orris, knowing the possible orbitals of the individual electrons w^e can now 
build up the molecule by adding the electrons one by one to the molecule. We 
shall obtain the electronic ground state of the molecule if we add the electrons in 
the lowest f)ossible orbitals. Here, just as for atoms and diatomic molecules, w^e 
meet immediately the restriction of the Pauli principle: At the most, two electrons 
can occupy a given non -degenerate orbital; at the most, four electrons can occupy a 
doubly degenerate orbital; at the most, six a triply degenerate orbital, and so on. 
One can verify readily that this form of the Pauli principle gives the same restric- 
tions as an application of this principle in its original form (see Vol. I) to the united 
atom or to the separated atoms, since according to Ehrenfest’s adiabatic principle 
the number of states is not altered by a change of the coupling conditions. Indeed 
we have used implicitly this principle for establishing the correlation between 
molecular orbitals and orbitals of the united atom or of the separated atoms. 

Electronic states resulting from non-equivalent electrons. If two 

electrons are present in tw'o different (non-equivalent) orbitals xi 

resulting w^ave function ijjg is in a first approximation the product of the two 

orbital functions 

= X 1 X 2 (in, 35) 

and the species of this function is the product (“direct product”, see Chap. I) of 
the species of the two orbitals. Similarly, if more than two non-equivalent 
orbitals are filled with one electron each, the resulting function is the product of 
the individual orbital functions, the resulting species is the product of the species 
of the individual orbitals. These Faulting species are the same as the vibrational 
species resulting from the excitation of two or more different vibrations as dis- 
<»]^»d in detail in Volume II. There is, however, one important difference: the 
of the spin of each efectron. The spins are added vectoriaEy, just as 
stdw and diatomic molecuks, that is 

S = (HI, 36) 

al odbafeilioiw occur. Eor two electrons 

m rKm-equivalent curhitids we have for the quantum number of hotel spin (since 

- § 

^ = 1 CMT 0; 
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5 = 1, or I, or 

for four electrons 

S = 2,1, 1 , 1 , 0 , 0 . 

There are rarely more than four non-equivalent electrons. 

As for atoms and diatomic molecules, if an electron is in an orbital x, we call it 
for short an electron, using small letters for the species while capital letters refer 
to the resultant electronic state. If we have for example an ai and an Ug electron 
in a molecule of symmetry C 2 U, since Ai x A 2 — A 2 , as far as the orbital motions 
of the electrons are concerned only one state, A 2 , arises, but since the spins can be 
parallel or antiparallel, we have ^ = 1 or 0, that is we have two states of different 
multiplicity ^A 2 and ^^ 2 . If there are two non- equivalent e electrons in a mole- 
cule of point group Cg^, since x E = Ai A A 2 + U (see Table 57, p. 570) we 
obtain the states 

^A„ ^2, ^E, ^A„ ^A2, ^E. 

Similarly, for a configuration a{e'e'' of a molecule of point group we obtain 
according to Table 57 the electronic states 

2^1, ^A' 2 , ^E\ ^Ai, ^A' 2 , ^E\ A41, M', ^E', 

The doublet states occur twice since there are two different ways of obtaining 
>8^ = J. These examples together with a few others are collected in Table 30. 
But no attempt has been made to make this table complete since the determination 
of the resulting states of non-equivalent electrons is so simple with the aid of 
Table 57 . In particular, linear molecules are not included since the resulting states 
for these molecules are the same as for diatomic molecules (see Vol. I, p. 333f). 


Table 30. States resulting from non-equivalent electrons 


Point 

group 

Electron 

configuration 

Resulting states 

^2v 





Ml 


Qij_Cl2 

M,,, Mj 



M 2 , Mj 


e 

^E 


a^e 

^E 


ee 

Ml, Ms, ^E, Ml, Ms, ^E 



IN", ^E" 


e'e" 

MJ, MS, ^E", MJ, Ml, 3E' 


a'ie'e" 

Ml(2), M|{2), W'(2), Ml, Ml, *E' 

^6h 

® lulls' ®2u®2u 

iBi„(2), 152.(2), ii!i.(6), «5iJ3), ^52.(3), ®5i,(9), ®5i„ 
®^i.(3) 


Electroiiicstates^FesMtliiigiroiiieqmival^trfTOtTOiis-. 

Pauli principle only two electrons can enter a non-degenerate orbital and, if they 
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do, a single totally symmetric singlet state arises since the two electrons must have 
opposite spins and since any non-degenerate species multiplied by itself gives a 
totally symmetric s|>ecies. No further discussion of equivalent electrons in 
non-degenerate orbitals is needed. 

If there are two electrons in a doubly degenerate orbital, then several states, 
singlets and triplets, result hut not all the states that can arise from two electrons 
in two non-equivalent degenerate orbitals occur. The singlet states are given by 
the symmetrical product of the species with itself since the spin function for two 
electrons with antiparallel spin is antisymmetric and the total eigenfunction (see 
below) must be antis^mimetric. In contrast the triplet states (with symmetric 
spin function) are given by the antisymmetric product of the species with itself 
as listed in Table 57, p. 570. Thus two equivalent e electrons of a molecule of 
point group give the states and and similarly for other point 

groups. 

Table 31. States op equivalent electbons fob the mobe impobtajstt point 

GROUPS 


Point 

group 

I Electron 
configura- 
tion 

Besulting 
molecular 
states i 

Point 

group 

Electron 

configura- 

tion 

Resulting 

molecular 

states 

Ca* 

<l2 



77 

1 2n 


ap 



772 

®S- 


e 



773 



e2 



8 




^E 


52 

is+^ir,®s- 



1 4 

Ai , 


8 ® 

2^ 


e' 

^E' 

0, 

e 

^E 



m;. 


e2 

Ml, ®^2 


€'3 

^E' 


e® 

^E 






Ml 


e'* 

Mi 


/i 

^Pi 


e' 

^E" 


/i“ 

Ml, IB, 1B2, ®Bi 



Mb Mi 



“B, »Bi, Mj 



^E" 


fi* 

Ml, IB, 1B2, ‘^Bi 



Ml 


/i® 

“Bi 





/i® 


O4. Da^, 

c 



la 

^Ba 


e® 

Ml, Ma 



Ml, ^B, ^Ba, ®Bi 


g 3 




=B, ®Bi, =Ba, *^2 


e* 

1 



Ml, 'B, ^Ba, ®Bi 





/2® 

“Ba 





/2® 

1^1 



Ml. Ma 












Ml 





% 












'■ , ' r 

mm 






Ml 





' •; fer ff wad « to til® la 
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If there are three electrons in one and the same doubly degenerate orbital 
only a single ^E state arises since there are only two possible distributions of the 
three electrons over the two degenerate wave functions and these can occur only 
when two spins are antiparallel, that is, when the resulting state is a doublet state. 
In every case, necessarily the same state arises from three electrons as from a 
single electron in a doubly degenerate orbital. This is because four electrons in a 
doubly degenerate orbital alw^ays give a single totally symmetric singlet state and 
the states of one and three electrons in the same orbital must add up to this 
totally symmetric singlet state. Quite generally a hole in an otherwise filled 
orbital gives the same states as if only the hole were occupied. 

For cubic point groups we must in addition consider triply degenerate orbitals. 
K two electrons are in one and the same / orbital, we must again use the symmetric 
product of the species (or Fg) with itself to find the resulting singlet states and 
the antisymmetric product for the triplet states. Thus we obtain for both fi^ 
and the states '^E, The same states also result w'hen two 

electrons are missing from a complete / shell, that is, from and /g^. The 
determination of the states resulting from three equivalent / electrons is less 
simple. We can, however, use the relation to the united atom in order to obtain 
the resulting states. The configuration gives the atomic states 
For the point group T^, goes over into and therefore the states resulting 
from /g® are those species of that correspond to ^P^ (see Table 58), 

viz. ^A 2 , ^E, ^Fg. Similarly the configuration /j® gives states corresponding 
to viz. Ml, 

In Table 31 these examples and several others are collected. For point 
groups with a center of symmetry the resulting states are g or u depending on 
whether there is an even or odd number of odd electrons. This is the same rule 
C'g, u rule”) that applies to the vibrational levels in which several vibrations are 
excited (see Vol. II, p. 124). 


Configurations with equivalent and non-equivalent electrons. If 

equivalent as weU as non-equivalent electrons are present the resulting states are 
found by first forming the resulting states of each group of equivalent electrons 
and then forming the direct product of the species so obtained. Since closed 
shells always give a single totally symmetric singlet state they can be entirely 
neglected in the determination of the resulting states. 

As an example consider the configuration of a tetrahedral | 

molecule (point group T^), We can neglect the closed shells need ^ 

only consider the states resulting from The csonfigurations Ug, and 

give respectively Mj, "F, Mg*, and ^Fg, ^F^. Multiplying the first 

two sets yields Mg, ^F, ^Ai, Each of these must be multiplied by each of 

the species of This ^ves the following states of und therefore also of 

Mj(2), Mg(2), ®F(4h ^Fi(5), ^F2(4), Mj, "F, ^Fi{3), 

®Fi where the numbers in hradfcel^ indicate how many timm each state 
occurs (if it is greater than 1). Br the muitaplicatioii the spin rule has been taken 
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into arcouiit. UsuaMy even for fairly highly excited configurations fewer states 
result since in general fewer electrons are outside closed shells than in the example 

chosen. 

In moliK^dciS of XV,, in which X is a transition element with d (or/) electrons 
as outernriost c*ie<*tronK an<i siniilarly in transition metal complexes in crystals and 
iohitiona it is often the d (or/) electrons alone that determine the observed energy 
levtis. It is easy, on the basis of the preceding discussion, to determine all the states 
that result from given number of d electrons in a given symmetry of the molecule or 
of the crystal field surrounding a complex ion. For example, let us determine the 
8tat€« rt^iilting from a (or configuration in a molecule (or complex ion) of 
symmetry. Aceonling to Table 58, p. 574, a d orbital gives the orbitals and Ig 

(when? the bar over the second eg is added merely to distinguish the two non -equivalent 
eg orbitals). Now there are nine different ways of distributing three electrons in the 
orbitals in accordance with the Pauli principle, viz. afgeg, afgCg, a^gSg^, 

and these give, according to the rules outlined above (see, 
Table 31), the molecular states ^Eg(l 4 ), Mig, ^A2g{S), ^Eg{Z). The 

same states would of course have been obtained if we had first determined the atomic 
states resulting from a configuration and then resolved each of them according to 
the point group using Table 58. The resolutions of d” for various point 

groups have been given by Tanabe and Sugano (1185), Jorgensen (650) and Gilde and 
BAn (421). 

Antisymmetrized wave functions. As has already been stated above, the 
molecular w'ave function corresponding to a certain electron configuration is in a 
first approximation simply the product of the orbital functions for each electron 
that is present. For example for a configuration ^2 of a ^2u molecule the 

molecular wave function is 

^ = Xa/^l) Xai(^2) XbM^) XbM^) (HI, 37 ) 

where Xai > Xbi ^ Xba orbital functions of the Oj, and 63 electrons respectively 

and where qi, ^2^ • • •» represent the coordinates Xi, y^, 2/2^ 22,... of the 

five electrons. If the spin is included, w e must use the spin- orbital functions 

Ul) = Xite)9i ( 111 , 38 ) 

w’here j numbers the electrons and i numbers the (spin) orbitals. Including spin 
the total eigenfunction of the configuration hg is 

- «^i(1)#2{2)^3(3)i^ 4(4)^5(5)- (in, 39) 

The 6|an function 9^3 that goes with must be different from 91 which 

gcw wMk If j) and amilarly for 94 and 93 since according to the Pauli principle 
two go into the same cnrhital only if they have opposite spin directions. 

of the utettity of the electrcu:^ the totel electronic eigenfunction of 
maj i^ston ean <wly he symmetric cr antisymmetric with respect to an 

exchange of any two efectrons (see VoL I, p. M). The principle, in ite wave 

that €»ly stated i^sliialy ^occur ■whose total 

eigenfuncticma are antwyntineteie with r^pect to exchange of any two electax>ns. 
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Now the product functions (III, 37) and (III, 39) are neither symmetric nor 
antisymmetric; e.g. if one exchanges electrons 1 and 2, is transformed into 


'/'i{2)^2{1)^^3(3)^4(4)^5(5) (III, 40) 


w'hich is neither the same as nor the negative of (III, 39). However, following 
Slater it is easy to form by combination of (III, 39), (III, 40) and all other functions 
obtained by permutations from (III, 39) a function that is antisjunmetric and 
therefore obeys the Pauli principle, namely 



^'-i(l) Ml) ■A3(1) Ml) 

u^) u^) ’P.m 


Ml) 

M2) 


(111,41) 


\M5) M5) M5) M5) M5) 

and similarly in the general case with n electrons. 

If the determinant (III, 41) is developed it consists of 5! = 120 terms of the 
form (III, 40) (or in general n\ terms) with positive or negative sign depending on 
whether the permutation is even or odd. From the rules for determinants it is 
immediately seen that if two electrons (i.e. two rows in the determinant) are 
exchanged the function O changes sign, i.e. is antisymmetric. 0 is called the 
antisymmetrized product of the spin orbitals. Symbolically one vvTites 


(D = . . . Un) (IIF 42) 


where 91 is the antisymmetrizing operator which may be expressed as 


91 = - 7 = 2 ( 
Vnl - 


-lyp. 


(HI, 43) 


Here P is a permutation of the electrons and the sum is to be extended over all nl 
permutations. 

The forms (III, 41) or (111,42) of the total wave function make clear the 
limitations of the concept of an electron configuration. In the configuration 
^2 example there are always two electrons in the orbital, but by no 

means always the same electrons. In fact because of the indistinguishability of 
the electrons it has no meaning to ask whether it is the same or another electron, i 
Precisely this lack of distinction between different electrons is taken into account 
in the form (III, 41). 

If all electrons are in closed shells only one antisymmetrized function <1> arises 
corresponding to the one non-degenerate (singlet) state which is formed. If there 
is only one electron in one of the orbitals (as in the example there wiH be 

two functions 0 one with the spin variable in (pi having the value 4- i,the other with 
For a single electron in a (doubly) degenerate orbital we have in addition 
the orbital degeneracy, i.e. two forms of Therefore there are four functions 

In general there wfil be as many functions m indicated by the product of 
spin and orbitsd , Any lin^^r combination of th^ functions wil be 

a proper wave function. 
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Hartree-Fock self-consistent field molecular orbitals. The self-consistent 
field method according to Hartree (see p. 303) uses the simple product representation 
(III, 37} in order to determine the best molecular orbitals. Actually, as first pointed 
out by Fock for atoms, we must use in this calculation the antisymmetrized product 
(III, 42). Both the exact form of the orbital wa\"e functions and the energies of the 
resulting statm are obtained by the solution of a variation problem*, we must minimize 
the expr^ion 

£ = J (S>*H^dT. (Ill, 44) 

Here H is the Hamiltonian 

« = + (111,45) 

in which H ^ is the Hamiltonian of electron j in the field of the bare nuclei and tji is 
the distance lx^twet*n electrons j and 1; in other words the first term represents the 
interaeiion of the electrons with the nuclei, the second term their interaction with one 
another. 

If tin, 42} and (III, 45) are introduced into (III, 44) one finds [see Mulliken (905)] 
for the energy of an n electron system [assuming that all ijsiij) are orthonormal] 

^ = i + 5 i i (III, 46) 

1=1 *i = lAr=l 

i*k 

Here df depends onl>* on spin orbital i. It is in fact the energy of the orbital in the 
field of the bare nuclei, that is 

d? = J ipfU )dTi. (Ill, 47) 

The second sum in (III, 46) represents the effect of the electronic interactions; the 
integrals and depend on two orbitals i and 1% namely 

= f ( ^ (III, 48) 

J J Tji 

Kik == (111,49) 

The summations in (III, 46) are over all tilled orbitals. The integrals (III, 47) and 
(III, 48) are independent of the spin functions, that is, in them we can replace 

in (m* spin is e^ntial: the int^ral vanishes if the spin function 

is different for ^di) and ^jfc(i) [and similarly for j/)d^) and ^^(0]; however, if the spin 
functions ajre the same, the (non-zero) value of the integral does not depend on the 
i^pin function. 

T^ int^rals are called Couhmb integrals since they represent the mutual 
pctertial of two charge distributions calculated in a classical way. The 

mtes called integrals since in them the charge density (i)^((i) 

^ hma 1^ in which both orbitals i and k enter. These contribu- 

ib ^ w>«ild tm^ aadse in fi^ Hartree approximation. They are entirely 

powhiity of exch^mge of ^ectrons which is taken into 
«wunt in the Hartiree-FcK^ ii^hod. As already mml^ed vwiishes if the two 
i^in l»v© diict^t &gm functkiiMt. Tim r^ult wm^ also be ^©xpcessed by saying 

l^t miw sfe®tp 0 i» with paxalM can exchange. 
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We can rewrite the expression (III, 46) for the energy also in the following form 

= i - 4 i i - Ki>c) (in, 50) 

i=l i = l k = l 

ki^i 

where 

= d? + 2 - KiO 

fc = l 
k^i 

is essentially the energy of an electron in the orbital when both the effect of the bare 
nuclei and of the other electrons (both Coulomb and exchange contributions) are taken 
into account. The total energy is not simply 2 since in this sum the mutual inter- 
action of the electrons is contained twice. However in a first approximation —€i 
represents the energy required to remove an electron from the orbital when all the 
other n — 1 orbitals are filled. In particular the ionization potential of the molecule 
is equal to the smallest — value. 

The method here described for the calculation of orbital energies was first developed 
by Mulliken (905) and Roothaan (1082) and applied by them to a few examples. 
More detailed calculations on this basis have been carried through for CO2 by Mulligan 
(887), for COS by Clementi (205), for Co by Clementi and McLean (207), for HgO by 
Ellison and Shull (353) and McWeeny and Ohno (815), for NH3 by Duncan (321) and 
Kaplan (666), for CH4 by Woznick (1321), for HgOg by Amako and Giguere (68), for 
HCN by McLean (814) and for C2H2 by Bumelle (166). In each case the linear com- 
binations of atomic orbitals previously described (p.' 300) were used as the starting 
point of the calculations. The coefficients in these linear combinations were determined 
by the condition of minimum energy and the orbital energies were obtained from 
eq. (Ill, 50). 

Large spin-orbit coupling. Up to now in aU the considerations of this 
subsection we have implicitly assumed that spin- orbit coupling is small. Many 
cases occur in which this assumption cannot be made. We must then combine 
the spin function with the orbital function before we determine the species of the 
resulting states. For linear molecules everything is similar to diatomic mole- 
cules: we have (cu, w) coupling or (0^7 coupling, also simply referred to as Hund’s 
case (c) (see VoL I, pp. 337f). The resulting states can be described as f , . . . 
states for an odd number of electrons and states for an even 

number of electrons, as is done for diatomic molecules. We may, however, also 
follow the notation used for other polyatomic molecules and call them E|, . . . 
states and states respectively. This is done in Table 32. 

For C 2 V molecules, for example for a single electron outside closed shells, we 
must multiply by the species of the spin function which according to Table 56 
(Appendix II) is Bl. The result is an Ei state, which corresponds to for small 
spin- orbit coupling. The Ex state is doubly degenerate but since this is a ELramers 
degeneracy (see p. 17) it cannot be lifted by any distortion of the molecule but 
only by magnetic interactions such as occur in the rotating molecule (see pi 123) 
or in a magnetic field. 

A somewhat different situation arises for a molecule if there is a e 

electron outside closed shels. The spin function is again of spedes but aom- 
bming now with tl^ orbital function of species E we obtain according to Table 57 
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e'^a, 

Fig. 137. Energy levels of the configuration (or ea^) of a C 31 , molecule for small 
and for large spin -orbit coupling. At the right the lower two E states correspond to 
Ej of the configuration of the ion while the upper group of states correspond to of this 
configuration 


Table 32. Moleculab electronic states resulting from various electron 

CONFIGURATIONS FOR STRONG SPIN -ORBIT COUPLING 


Point group 

j 

Electron configuration 

Resulting states 


(or a 2 or 6^ or 62) 
aifli 

Pit P 2 

Bi', Ai, A2, R 2 

^3t? 

Ui (or 02) 

€ (or 

£ai (or c%i) 

(or e%2) 
e^e 

El 

El, 

e] A„ Az, E(2) 

Ai, E^ Ai, E 
jE'|(3), E\', Ex, El 
Ei{ 5 ),Ei{^);Ei{^),Ei 


a'l (or Ua) 
al (or al) 
e' (or 
(or e" 3 ) 
e'a2 (or e'^a^) 
e'^ (or 
e’^a'i (or 

Ei 

Ef 

Ef, Ei 

Ei,Ei 

E'; Ai, Ai, S', E' 

A'l, E'i Ai, E" 

Ei{2), Ei, Ei; Ei, Ei 

De, 

“i (or ®2) 

61 (or 62) 

«i (or ej^} 

C 2 {or Ca^) 

aiCi (or a^ei, 62«2» \ 

j 

(or ^2^i» \ 

J 

%® (or 

(oc cr %^eta €W ^ 

/ 
or \ 

/ 

Ek 

Ei 

Eh El 

Eh Ei 

Elf -^if -^2* El, E2 

E%; Bi» B29 El, E2 

•^if E^; Ai, El 

M^m, M%, Si; Sh M§ 

Eh Eh M§{2}; Eh El 
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Point group 

Electron configuration 

Resulting states® 

a cov>{7^ cah) ^ 

a 

~~E^^ — 


TT 

8 

GTT (or O-TT®) 
aS (or a8^) 

E^, 

E\t E\ 

H; T.*, 2-, n, A 

A; n. A, 0 


TT^ 

8^ 

2 + , A; n 

S+, T; 2 + , n 



Ei{%), Ei, Ei-, Ei, Ei 


Oi (or a^) 
e (or e®) 
fi 

fz (or /a®) 
e® 

a-ifi (or a^e or Oje® or Oae®) 
“lA (or Oj/a or OiA® or 'i 
“ 2 / 2 ®) / 

ffi/a (or OaA or OjA® or \ 

®2A®) / 

A^ (or /a® or/i* or /s'*) 

~ __ 

Gx 

Ey Gx 

Ei, (?» 

■Xi, E; E2 

E; Fi, F2 

Fi-, Ai, E, Fi, F2 

F2; .4a, E, Fi, F2 

Ai, E, fa; Ai, E, Fi, F^ 


AA 

A® (or A®) 

(A2, E, Fi, F 2 -, Ai, Aa, E( 2 ), 
l-P’i(3), F^ii) 

El, El, Gy, Gi 

Ei,Ei,Gi(Z)-,Gi 


*>■ States derived from multiplets of different multiplicities are separated by a semicolon, 
to For Cqk omit subscripts 1 and 2 of a. 
cFor Deh, D<oh, Oh add the g, u rule. 

In diatomic language the states given are V. 1. S; 1, 0 + , 0“ , 1, 2, etc. 


(Appendix III) the states Ex and Ex which may differ considerably in energy. 
Each of these states has a Kramers degeneracy similar to a J and a f state of 
a diatomic molecule. For small spin-orbit coupling the two states form a 
state. 

A configuration that occurs frequently for molecules is e^a-^. The con- 
figuration e® gives the same states as e, that is Ei and Kj, while ai gives F|. 
Combining the former with the latter we obtain according to Table 57, A j, A 2 , E, 
E, E which correspond to ^E and ^E for small spin- orbit coupling. Figure 137 
shows qualitatively the energy levels for small and large coupling and their 
correlation. It is very probable that several Rydberg states of CH 3 I are of the 
type described by the right-hand side of Fig. 137 (see Oiap. V, section 3b). 

Other examples together with those just considered are collected in Table 32. 


(d) Term maiiifoM of #ie molecule, examples 

The procedure to determine the manifold of electronic sfrbtes of a polyalmnio 
molecule from the electmn configuration is entirely analogous to that 
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molecules (VoL I, p. 338f). To obtain the ground state we must put the electrons 
into the lowest possible orbitals as far as is compatible with the Pauli principle, 
choosing of course the most probable order of the orbitals as discussed in sub- 
section (b). Excited states of the molecule are then obtained by taking an electron 
from the highest occupied orbital {i.e. by taking the most loosely bound electron) 
to various unoccupied (higher) orbitals or, particularly w'hen the highest orbital is 
not completely filled, by taking an electron from a lower orbital to the last partially 
filled or to higher orbitals. In each case the electronic states resulting from the 
particular electron configuration must be determined according to the methods 
described in the preceding sub-section. 

For a molecule with an even number of electrons, if it has no partially filled 
degenerate orbitals, the lowest state is almost always one in w^hich all electrons are 
paired in the occupied orbitals, that is, the ground state is a totally symmetric 
singlet state ^Aig, '^A\ etc.). However, it may happen that the highest 

occupied and the lowest unoccupied orbital lie close together. In that case the 
triplet state arising when an electron is taken from the last occupied to the first 
unoccupied orbital may be lower than the singlet state corresponding to both 
electrons in the highest occupied orbital and thus a triplet state may form the 
ground state. If the molecule has degenerate orbitals, the ground state will be 
triplet if the degenerate orbital is the last to be filled and contains only two elec- 
trons. This follow's from Hund’s rule w’hich applies here as weU as for atoms and 
diatomic molecules, and which indicates that of the three states arising from two 
electrons in a doubly degenerate orbital (see Table 31) the triplet state is always 
the lowest. 

For a molecule with an odd number of electrons the ground state w^ould 
usually be expected to be a doublet state with a species equal to that of the last 
(partially) filled orbital. Only for a cubic point group could a quartet state be the 
ground state, namely when a triply degenerate orbital is just half filled (see Table 
31). For molecules of lower symmetry this could only happen if two orbitals at 
least one of which is degenerate had nearly the same energy and shared three 
electrons- 

Rydberg series of states. More and more highly excited states are obtained 
by bringing an electron from one of the orbitals filled in the ground state to higher 
and higher orbitals. These higher orbitals are more and more like atomic orbitals 
and therefore give rise to Rydberg series of electronic states whose limit corresponds 
to the csomplete removal of the electron considered, i.e. to an ionization limit of 
^ moteOTla 

of the higher (Rydberg) orbitals usually follows the designa- 
€orTOB|M»iing atomic crMtals, that is we have npbz, 

- . . orhifeals where u is Hie pinmpal quantum number and s,p,d, 

Ae i vah#© m Hie atom. Fcwr moIcKmles built up from 

atoms of first pectod, a must at least he 3 to obtain a Rydberg orbital. Chre 
^ mun^ be, tatea to diBiir^iiyh a from tlm EunniTtg number used in the 
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lower orbitals (as for instance in Za^, etc.) and from the principal quantum 
number in the separated atoms. 

The energies of Eydberg states, formed by excitation of a single electron to a 
Rydberg orbital can be represented in a good approximation by a Rydberg 
formula 


E, = A- 


R 

(n - hf 


(111,51) 


where A is the ionization limit (corresponding to complete removal of the single 
electron), and where 8 is the Rydberg correction (or quantum defect). For 
molecules built-up from atoms of the first period, 8 is small {<0.1) for states 
derived from nd electrons, somewhat larger (0.3 -0.5) for np electrons and 
appreciably larger (0.9 — 1.2) for m electrons. 


Term manifold of non-linear XH2 molecules. In Table 33 the ground 
states and first excited states of a number of non-linear XH2 molecules are given 
as derived in the way just described assuming the order of the orbitals given in the 
previous Fig. 123. In this Table (l^i)^ is the K shell of the X atom. It is not 
repeated in the last column. Most of the predicted states in Table 33 have been 
observed. 

Table 33. Ground states and first excited states op se\t:ral non-linear XH 2 

MOLECULES AS DERIVED FROM THE ELECTRON CONFIGURATIONS 


Molecule 

Lowest electron configuration 

First excited electron configuration 

and ground state 

and resulting states 


BH 2 

(lai)2(2ai)2(162)23ai Mq 

...(2oi)2{162)2(16i) 

...(2oi)2(162K3aiP 


CH2 

(lai)=(2oi)2(162)2(3ai)2 

...(2ai)=(162)2{3a,)(16i) 


NH 2 

(lai)“(2oi)2(162)2(3ai)2(16i) 

...(2oi)2(162)2(3ai)(16i)2 

Ml 

H 2 O 

(toi)^(2%)2(162)"(3ai)2(16,)2 Ml 

...(2a,)=(li>2)=(3ai)2(16i)(4ai) 



Let US now briefly consider the more highly excited states of one of the 
molecules of Table 33, viz. HgO for which a fair number have actually been 
observed. Table 34 gives two sets of excited states, one set in which an electron 
from the I61 orbital (which is the last orbital filled in the ground state) is brought 
into the various higher (Rydberg) orbitals that arise from np, kd, . . . orbitals 
of the united atom and another in which the electron is taken from the orbital. 
The first set approaches with increasing n the first ionization limit of HgO. Becauise 
of the splitting of all degeneracies in H2O there are in th® set three Rydberg seri^ 
of orbitals np, viz. 63, , five Rydberg seri^ md, viz. #3,, and so on, 

but only one viz. Ckuxe^jondiiig series arise in the »5<»d someirliat higher 

^t. Stil further sets of energy levels arise by excitation feom the wMtals 11^ 
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Tabi£ 34. Predicted Rydberg states of H 2 O 


Electron configuration States Electron configuration States 


..(1&2 

=( 3 a, 




...(I62) 

=( 3 a, 

)( 15 i 

)2(«sai) 

Ml, 

Ml 

..(I62 


) 2 ( 16 i)(npaj) 

‘Bi. 

'B, 

...(I62) 

2 ( 3 a, 

)( 15 i 

f(npai) 

Ml, 

Ml 

..(I 62 )=( 3 a, 


Ml, 

M. 

...(I62) 


)( 15 i 


=Bi, 

'Bi 

...m 

=( 3 ai 


M2, 

M2 

...( 152 ) 

2 ( 3 ai 

)( 15 i 

)Hnpiz) 

= B2. 

'B2 

...(I62 

2 { 3 ai 

fiib^)i 7 idai) 

"Bi, 

^B, 

...(I62) 

2 ( 3 ai 

)( 15 i 

)2(nrfai) 

Ml, 

Ml 

...(I62 

“( 3 ai 

filb^}{ndai) 



...{I62) 

^( 3 ai 

)( 16 a 

fl^ndai,) 

Ml, 

Ml 

• * -{1^2 

2 ( 3 ai 

f{lb^){ndaa) 

"B2, 

*B2 

...(I62) 

2 ( 3 ai 

)( 15 i 

finda^) 

M2, 

M2 

• ' ■ (1^2 

"( 3 ai 

f{lb,){ndbA 

M„ 

Ml 

...{I62) 

2 ( 3 ai 

K 15 i 

nndb,) 

®Bi, 

'Bi 

...(I62: 

l"( 3 ai 

nib,}{f^ba) 

Ms, 

M2 

...(I62) 

“( 3 ai 

KI61 

f{ndbz) 

‘’B2, 

'B2 


2a 1 and lai but these are not important except for an interpretation of very high 
energy levels much above the energy required to remove the electron. Finally 
there are states corresponding to the excitation of two (or even more) electrons, 
such as the state (lai)^(2ai)^(162)^(3ai)^(3.sai)^ ^Ai and others. These also, in the 

iO^cm"' 


nsa^ '8, rpa. '8, npt> > 3 , npti^ nd 



13$. €Jilw#wrvchd etectiosiic states of Apauri from tl» ground state O'lily the 

IwslsHWa lay a potwtioiMl jSxfc© stroetere aoalysiB [Johns 

C$31}]; the oilers have heen asaigned on the ba^ of the observed Rydberg eorrections.. The 
Is eeiitlBimiiS I J[ ofTabfe 02) ; the lowest excited ^ state is diffuse and prohaMy 

behw^ to a »m«8 dreamt frro Mi face Table §2). 
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present case, lie very high and need not be considered further. Predictions 
similar to those for H 2 O in Table 34 can readily be made for the other molecules 
of Table 33. 

The lowest Rydberg orbital of H 2 O is 3^^^ and this is identical with 4ai of 
Table 33. In Fig. 138 the observed electronic states of H 2 O are plotted in an 
energy level diagram. It is seen that, as far as the evidence goes, there is good 
agreement with the predicted states of Table 34. The assignments have been 
made on the basis of the rule mentioned earlier for the magnitude of the Rydberg 
correction, and taking account of the observed species derived from the band 
structure. No ^42 states have been observed since they cannot combine with the 
ground state (see p. 132) and only absorption spectra from the ground state have 
as yet been studied (see Chap. V, section la). 

The question of the relative order and the energy differences of the stat^ 
arising from an np or nd electron has been discussed theoretically by Coulson and 
Stamper (242) and La Pagha (723)(724). 

Term manifold of linear XH 2 molecules. If an XHa molecule is linear 
the expected ground and excited states are of course different from those given in 
Tables 33 and 34. In Table 35 the same molecules considered in Table 33 are dealt 
with under the assumption that they are hnear. CH 2 has actually been observed 
to be linear in its ground state, and BH 2 as well as NH 2 have been observed to be 
linear (or nearly linear) in their first excited states. There is little question that 
for both these molecules there is strong Renner-Teller interaction in the ^11 
ground state of the hnear conformation leading to a sphtting into two states (as 
in Fig. 4b), one with a bent equilibrium position, the actual ground state, and one 
with a Hnear or nearly Linear equihbrium position, the observed first excited state. 

Whenever there are two electrons in a tt orbital several electronic states result, 
of which, according to the Hund rule, the state of highest multipHcity Mes lowest, 
e.g. for CH 2 the state resulting from the lowest configuration. Table 36 
gives the higher electronic states of CH 2 as predicted from the electron con%ura- 
tions. Again there are two sets of Rydberg states, one derived from . . . (lo*„)^(l7ru) 


Table 35. Ground states and first excited states of linear XH 2 molecules 

AS DERIVED FROM THE ELECTRON CONFIGURATIONS 


Molecule 

Lowest electron configuration 

First excited electron configuration 

and ground state 

and Faulting stat^ 

BPa, CH 2 + 

(la,)"(2a,)2(l(Tj=(l7rJ 


OH 2 , 


NH5,H30 + 


E^O 


. . .(2a,)»{l<r.P(l,r.)»(3a,) 


S44 
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Table 36, Peedicted Rydberg states of linear CH* 
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Electron configxiration 
, . ( Icr iTT^KWff) 

.{2a,nicr,ni7rJinp7T,) 

..{2a,ni(iX{lrr^}{nd<T,) 

■ Irr^Hndwg) 

, .{2<igf{lcr^f{l7T^){ndSg} 


States Electron configuration 


States 


-^9 » 


...( 2a,)"(l<Tj{l7rj2(n5a,) 
...(2(T,)=^{laJ(l7r„)2(np(jJ 
...(2(7,)^(lo-J{l7rj2(np7r„) 
. . .(2o’5)2{lou){l7r«)2{n(icrj) 


/5S-,3s;,3s-(2) 

I "A„, lA, 

r%-,3s;,3s-(2) 
l3A„lS,^lS-,lA, 
r^n,, 3n,(4),3<|,^ 

I ^n,(3), 

r5S“,3S + ,32-(2) 
\ 3a„, 1S + , 1S“, 1A„ 


of the ion, the other from . . .(lor„)(l?rij)^. The configuration . . .(l(Ti^)^(l7ru)(35(T5) 
in Table 36 is the same as . . . (lcri^)^(l7ru)(3orj,) of Table 35. 


Term manifold of linear and non-linear XY2 molecules. While the 
electron configurations of the XH2 molecules can be based essentially on those of 
the united atom this is no longer possible when the hydrogen atoms are replaced 
by heavier atoms. We must then use in the correlation diagram of Fig. 121 for 
linear XY2 a region which is closer to the separated atom orbitals. The resulting 
(very approximate) order of the orbitals is shown at the right in the previous 
Walsh diagram, Fig. 126, while the corresponding order for non-linear XY2 is 
shown at the left of this diagram. In Table 37 the lowest and first excited 
electron configurations obtained from Fig. 126 as well as the resulting states are 
given for a number of linear molecules containing up to 16 valence electrons, and 
in Table 38 similar data for a number of non-linear molecules containing 17 to 20 
valence electrons. In both tables the K electrons have been omitted, but have 
been counted in the designation of the orbitals. It should be noted that between 
C3 and BO2 a reversal of the order of the lir^ and 3cr^ orbitals occurs. This reversal 
is not obvious from Fig. 121 but is nevertheless very clear fi:om the experimental 
evidence since the first observed excited state of C3 is ^0^ while in BO2 and COJ 
the excited state is observed to be lower than ^SjJ’ . 

For linear CO2 a detailed calculation on the basis of the self-consistent field 
method of Muiliken and Roothaan (see p. 386) has been carried through by 
Mulligan (887). The energies of the molecular orbitals so obtained are compared 
with the otmerved enei^es in Fig. 139. The observed values are obtained from 
tJbe various olwerv^i Rydberg series of (Xla which give the energi^ required to 
tmmfwe an elecfkoo fitnn the lir^, and 4ag orbitals (see Chap. V, section Ic). 

It ^nM he Bc^ed that Kg. 1^ is not an energy level diagram of OO2 but a 
rf tl* eiwgie® of the varmus orbitals. As Figure 139 shows 

tl» ttwry pw ^ cwte for the two orhitafe and 3o-^. 

Tlte rf in XY^ is eertam than in linear XY2. 

Kole Itt Tahfe ^ Ite diSeieai^ betweea MO2 and CP^ which is caused by l^e HnrtflJlftr 
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CF,,Os ...(36,)“(16i«6a,m,,)»(la,)=«(6o.)= • • •(16i)“(6a,m6,)«(la,i^(6arK26j) 

NFa ...(36a)“(16i)^{6ai)“(ttaWai)“(laa)“(2/.i) 2 ^ / • • ■ (fioi W62)®(6ai)a(laa)(26i)a 

...(5ai)=(463)2(6oi)(la„)“(2&,)* M, 

OS’s • • ■(6ai)“(6ai)“(462)“(la2)“(26i)“ ‘.4i • • • (Srai)’‘(flai)=“(462p(la2)®(26i)(7ai) 
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0 - 


S 



Fig. 139. Observed and calculated orbital energies in COg. The energies plotted are 
the energies required to remove an electron from the orbital considered. The calculated values 
are from Mulligan |H87 1. For the observed values see p. 501 f. Note that this is not an energy 
level diagram. 

YXY angle in CFa- Fischer-Hjalmars (386) and Gould and Linnett (444a) have 
made detailed orbital calculations for Og. The order of the orbitals for NO 2 has 
been discussed recently by Green and Linnett (446). MuUiken (914) has given a 
general discussion of molecular orbitals in XYg molecules [see also Hijikata, Lin 
and Baird (548)]. 

Term manifold of XHg molecules. For a planar XHg molecule the order 
of the orbitals is given by Fig. 127a, for non-planar XHg by Fig. 127b. If we take 

Table 39. Geoxjnd states and first excited states op planar XHg molecules 

AS DERIVED FROM THE ELECTRON CONFIGURATIONS 


Molecule 

Law^ elBCtron configuration 

First excited electron configuration 


and ground state 


and resulting states 

BH, 



. . . (2al)2(le')3(la5) ^E’ 

CH, 



...(2ol)2(le')3(lc^)® ^E' 

...(2ol)2(ler(3al) Mi 

NH, 



. . .(2oif(le')*(laS)(3oi) M2. M 
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Table 40. Predicted Rydberg states or (planar) CHg 


Electron configuration 

State 

Electron configuration 

State 

. . . {%a{)^{\e')\nsa{) 

Ml 

...(2aD=(le')WO 


.. .(2oi)2{le')^(npe') 

^E' 

...(2ai)“(l60W«') 

2J5?' 

. . . (2ai)^(le')^inpa2} 

MS 

. . .{2ainie'nnf<4) 


. . . (2aif(le')*(nde") 

^E" 

. . .(2aif(le'f {nfai) 

^A'2 

. . .(2aif(le')*(nde') 

. . .(2aif(le')^(ndai) 

Ml 

. . .(2aif(\er(nfai) 

Ml 


account of the correlation rules of Table 60 (Appendix IV) we can apply any 
qualitative result derived for planar XHg immediately to non-planar XHg, but 
must be prepared for considerable differences in the quantitative energy relations. 
Table 39 gives for the three molecules BHg, CHg and NHg the ground states and 
first excited states derived from the electron configurations on the assumption of 
Dqii symmetry. The observed ground states and first excited states for CHg and 


lO^cm-' 


/75ai'^i' npe'^E' npazM'i 


nde nde ‘^E ' nPa > 3 1 



4 .4 .1 .11 4 


60 


50 


40 


Fig. 140. Observed electronic states of CHg. Several pi»iicted states which have not 
been observed are indicated by broken lines. For the numerical date on which ^ 
is based see Table 65 of Appendix VI. The position of the non-Bydberg stete (« f » 

not known ; it is presumably the lowest ecswdted state. 
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NH3 agree very well with the prc^lieted ones except that for NH3 since it is non- 
plarmr in the ground state must be replaced by '^Ai. 

In Table 40 the higher excited states of CH3 predicted from the electron 
eonfigurattoiis are given, based on the ground state configuration (lai)2(2ai)2(le0^ 
of the ion. In Fig. 140 the observed excited states of CH3 are shown in an energy 
level diagram. They agree very w'ell with the predicted states of Table 40. 
Here it must be remembered that only and states can be observed in 
absorption from the ^A^ ground state (see Chap. II, section la). The first 7i$a'^ 
Eydberg state is identical with the ^A\ state given in Table 39. Rydberg 

states ba».^ on the first excited state of the ion . . . (Ie')®(la2) have not yet been 
observed. 

Term manifold of tetrahedral XH4 molecules. The manifold of electronic 
states of CH4 has already been discussed on the basis of the correlation to the 
united atom (p. 278). The electron configuration gives the same results (see 
Fig. 129); w e have for the ground state and the first excited states 

and (l%)^(2a,)2(l/2)^(3a,) 

wFere the I/2 and 3ui orbitals arise from 2p and 3s of the united atom. 

It is interesting to consider the ground state and first excited states of CH^ 
and BH4 under the assumption that they have tetrahedral symmetry. One finds 
immediately (lai)^(2ai)^(l/2)^ for the ground state and (lai)^(2ai)(l/2)® 
and (l«i)^(2ai)^(l/2)‘^ 3<2i ^Fi, ^Ai, ^^2 for the first excited states. The 

ground state is a triply degenerate state. According to the Jahn-Teller theorem 
it cannot have its energy minimum in the symmetrical conformation; but the 
potential function still has symmetry (compare the discussion on p. 51). 
Unfortunately up to now' no spectrum of either CH4 or BH4 has been observed. 

Term manifold of HgCO. The order of the orbitals in a planar H2XY 
molecule w'as given in Fig. 131. If w'e fill up the orbitals with 16 electrons, w^e find 
for the ground state of HgCO 

. . .(3<ii)2(4ai)2(i62)2(5a0"(16j2(262)2 (III, 52) 

while the first excited states are 

. . . (3a,)^(4a J2(162)2(5a,)2(16i)2(262)(26,) ^3. (Ill, 52a) 

The first two observed excited states have indeed been found to be ^A^ and ^^2 
(see Chap. V, section 2b). To be sure, the molecule is slightly non-planar in these 
state; but the deviation from planarity is small and the species can be applied 
(aw p. 22f). 

Term manifold of Using the order of orbital energi^ 

1%. 132 om finds immediately that the ground state of C2H4 (with 12 electrons 
ouhKte Uhe K sheik) must have the wnfiguration 

. . . (IH, 53) 

^lyad ^ «anle4 


(ni,54) 
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Here both the last filled and the first unfilled orbital in the ground state are 
orbitals that are antisymmetric with respect to the plane of the molecule; they are 
TT orbitals (see p. 327), which arise from the 16^ orbital of CII2. There are of course 
other excited states (as discussed below); it appears, however, that the first 
strong observed absorption beginning at 2000 A corresponds to the transition from 
the ground state to the (163„)(1&2^) state. The much weaker transition to 
the has also been found (see Chap. V, section 4a). 

As can be seen from Fig. 132 the two configurations (III, 53) and (III, 54) of 
C2H4 correspond in the united molecule O2 to and a^oia^Trl-rr^ respec- 

tively. The strongest transition between these two configurations of O2 is the 
well-known system of Schumann-Runge bands which is described by 

MuUiken as a V <- N transition, i.e. a transition in which an electron goes from a 
bonding to a corresponding anti-bonding orbital (charge-transfer spectrum, see 
Vol. I, p. 384). As was first pointed out by Muliiken (895), the strong observed 
^ J5iu — ^Ag transition in ethylene, if it is represented by the electron configurations 
given above, is a transition in which an electron goes from a bonding to the 
corresponding anti-bonding orbital, that is, is a F -e- A transition (see Fig. 132 
and the discussion in section 3b(j8)). The more detailed analysis of the observed 
spectrum by Wilkinson and MuUiken (1303) has confirmed this interpretation. 

Other excited states of C2H4 are obtained by taking an electron from the 

orbital to higher orbitals, e.g. 

• • • (hi, 55 ) 

. . . (162„)2(163,)2(3a,)2(163„){4«,) (III, 56) 

or by taking an electron from the next lower orbital 3a^ to higher orbitals, e.g. 

. . . (1&2 u)"(1&3.)"(3^.){1&3u)"(1M "^ 2., ^^2. (in, 57) 

. . . (I62 J"(163,)^(3a,)(163 J2(36, J (III, 58) 

and so on. Transitions to the states (III, 55) and (III, 57) from the ground state 
are forbidden. Transitions to (III, 58) are also of the V <- N tjrpe and are 
probably mixed to some degree with the transition to (III, 54). The upper state 
of the observed strong absorption starting at 1740 A must be identified with 
of the configuration (III, 56). This state represents the first member of a Rydberg 
series. 

Quantitative calculations of the excitation energies of some of the states just 
discussed on the basis of a consideration of the tt electrons only have been made 
by Parr and Pariser (966) with encouraging agreement with the experimental 
values. 

Term manifold of CgHg* Just as for ethylene the tt orbitals of benzene axe 
the most loosely bound orbitals and therefore the ground state and the low^ 
excited states are determined by them. Since there are six w electroBs in 
lowest fftiate, .according to Fig. 135' they form the (XjniSguraiiom 
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Fig. 141. Observed low excited states of CeHe. The predicted positions of the two 
states and which have not been obsem^ed are indicated by broken lines. 

a ^Aig state. The first excited states are obtained by taking an electron from the 
tig orbital and putting it in the next higher orbital egu- The configuration so 
obtained, yields six states 

IB 

lu» 

Four states identified in the ultraviolet absorption spectrum of CgHe are most 
probably to be ascribed to this configuration [see Mulliken (906)]. They are 
shown in Fig. 141 . The spread in energy of these states is considerable and is due 
largely to inter- electronic repulsions which the simple orbital picture neglects. 

Higher electronic states of CgHg are obtained either by putting tt electrons 
into higher tt orbitals [e.g. yielding the configurations (« 2 u)^(^i?)^(^ 2 ff) 

or into Rydberg orbitals, or by exciting electrons from otherorbitals 
which lie only slightly below the tt orbitals. 

Term mamfold of the Cr^ ^ ^ ion in an octahedral complex. The energy 
of TOmplex ioffls in solutions and crystals can be determined in the same way 
m dewaribed in the preoeding paragraphs for symmetrical molecules. For example, 
Hi© ©rMtals €i a traMition metal ion in an octahedral field are given in the second 
frfnatn §mm the Mfe 1^ if the surrounding ions or molecules causing the 

ocirfmirad fiAi have dk»d oiily, whose energiw fie much below those of the 

M liere 'OOttaadtewL In Mie ion thwe are three d electrons in 

to dtoei l%«re 'dmwE. ^at in mi oetnli^ral fidd these three 
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electrons go into the/g^^ orbital derived from and give according to Table 31 tbe 
states igj %g of which. ^A^g is expected to be the ground state. The 

first excited electron configuration is which gives the states ^F^^, ^F^g, 

(2), ^£Jg(2), ^Aig, ^A 2 g. As can be seen from the orbital energies given 
in the center of Fig. 130 the low-lying states just derived will not be greatly 
changed if the hgand interaction is strong (see also p. 407). 


3. Stability of Molecular Electronic States : Valence 

Up to now, in this chapter, we have limited ourselves to answering the ques- 
tion as to which electronic states of a polyatomic molecule arise by building up the 
molecule from its constituent atoms, or from its electrons, or from the united 
atom or molecule. Many of the numerous resulting states are unstable and only 
comparatively few are stable, that is, have a pronounced minimum of the potential 
surface. The question as to which states are stable must now be considered. It is 
intimately related to the problem of valence in polyatomic molecules. Closely 
connected with the question of stability is also the question of the shape of the 
molecule in its various electronic states. 

In principle the stability of a molecular electronic state can be established 
theoretically by calculating the electronic energy for a number of internuclear 
distances and seeing whether (upon addition of the nuclear repulsion) a minimum 
in the potential energy results. In practice, however, such calculations are so 
difficult that even for the simplest polyatomic system, , they have not yet been 
carried through with high accuracy. Thus far only the diatomic systems Hg and 
H 2 have been treated with sufficient precision, and for them remarkable agreement 
with experiment has been obtained [see pp. 351 and 360 of Volume I and the more 
recent papers of Kolos and Roothaan (685) and Herzberg and Monfils (535)]. 
While a few other molecules have been treated in this w^ay with much lower 
precision, for a qualitative understanding of molecule formation and the stability 
of molecular electronic states it is necessary to make certain greatly simplifying 
assumptions. As has already been discussed in Volume I two quite different 
methods have been developed and are widely used for an understanding of the 
stability of molecular electronic states: the valence-bond method (or electron-pair 
bond method) which is an extension of the original Heitler-London theory of the 
H 2 molecule, and the molecular orbital method which was first developed by Hund 
and Muhiken for diatomic molecules. 

The basic assumptions of each of these two approaches represent quite drastic 
simplifications in the solution of the wave equation and one must therefore be 
prepared for disagreements between prediction and experiment. In some cases 
the valence -bond method leads to better agreement, in others the molecular 
orbital method. In either method higher approxiomtions can be introduce 
which would eventuafiy lead to the same result as a rigorous timtment. For 
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Heilman (19), Moffitt (867), Hurley (595), Freuss (1011), Hall (460), Aral (71), 
Ruedenberg (1088) and Bader and Jones (85). 

In order to illuminate the situation it appears useful to quote a pertinent 
remark by Wigner (1297) with regard to the purpose of similar drastic simplifica- 
tions made in the treatment of the related problem of cohesion in metals: 


'*If I had a great calculating machine, I would perhaps apply it to the 
Schrodinger equation of each metal and obtain its cohesive energy, its lattice 
constant, etc. It is not clear, howwer, that I would gain a great deal by this. 
Presumably, all the results w'ould agree with the experimental values and not 
much would be learned from the calculation. What w’ould be preferable, 
instead, would be a vivid picture of the behavior of the wave function, a 
simple description of the essence of metallic cohesion and an understanding of 
the causes of its variation from element to element. Hence the task which is 
before us is not a purely scientific one; it is partly pedagogic. Nor can its 
solution be unique: the same wave function can be depicted in a variety of 
w'ays (just as a cubic close-packed lattice can), the same energy can be 
decomposed in a variety of w^ays into different basic constituents. Hence 
the value of any contribution to the problem will depend on the taste of the 
reader. In fact, from the point of view of the present article, the principal 
purpose of accurate calculations is to assure us that nothing truly significant 
has been overlooked.” 


(a) The valence-bond (or electron-pair bond) method 

The elementary Heitler-London theory. In the original Heitler-London 
theory of homopolar binding (see Vol. I, p. 350f) the attraction of two H atoms is 
related to the exchange degeneracy that exists for large intemuclear distances. 
This degeneracy is split w^hen the atoms are brought together resulting in two 
states, one of w^hieh is symmetric, the other antisymmetric with respect to an 
exchange of the tw'o electrons. The symmetric state has a potential function 
with a minimum, i.e. corresponds to attraction; the antisymmetric state has no 
potential minimum, it corresponds to repulsion. According to the Pauli principle 
the former can only occur when the two electrons have anti-parallel spin directions 
{B = 0), the latter only for parallel spin directions (>8 = 1). It appears therefore 
that the formation of a chemical bond corresponds to the formation of an electron 
pair with anti-parallel spin directions from two unpaired electrons, one coming 
from one, the other from the other of the two atoms that enter the bond. 

As was shown in Volume I, p. 35S, the eigenfunctions of the two states arising 
from the two H atoms are 

+ 9>^(2>pb( 1)1 (in, 59) 

= NJi9Al}<pA2) - ?. 4 ( 2 ) 9 > s ( 1 )] 

whmm A and. M rdfe to the two I aod 2 to Hie two electpons aj:Mi 9 ? is a 

ee»tered mt A m M, Tb© first functaon remaiiis 
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unchanged, the second changes sign for an exchange of the electrons. The 
normalization factors and are given by 


N, = ^ . 

V2 + 2;S a/2 - 2;S' 

-S' = jjvA(l)<PBa)'PAmVBi2)dTjr^. 


(Ill, 60) 


(III, 61) 


The energies in the two states, referred to the energy of the separated atoms 
as zero, are given by 


K = — - 

* 1 +s “ } -s 

or, approximately, since usually S « 1 

E,=J + K, E^ = J -K. 
Here J is the Coulomb integral® 

J = jj<PA(l)9B{m<PACi-)9B(^)dr,dr^ 
and K is the exchange integral 

= jj 9Ai^)9B{^)W<pA^)<pB{l)dTidT2 


(in, 62) 


(III, 63) 


(III, 64) 


where the perturbation function W is the deviation of the potential energy of the 
system from that at large internuclear distance R. Since the exchange integral is 
strongly negative, the symmetric state with energy leads to strong attraction, 
the antisymmetric state with energy to strong repulsion. According to the 
Pauli principle the former must be combined with an antisymmetric spin function, 
i.e. S = 0 (antiparallel spins), the latter with a S 3 nnmetric spin function, i.e. = 1 
(parallel spins). Thus the spin enters only in order to fulfil the Pauli principle 
but has nothing to do with the energy of attraction or repulsion. 

Generalizing this result for atoms with several unpaired electrons Heitier and 
London concluded that the free valence of an atom is equal to the number of 
unpaired electrons, that is, equals 2Si where Si is the total spin of the atom. Thus 
the alternation of even and odd valencies in successive columns of the periodic 
system is accounted for (see Table 35, p. 357, of Vol. I). In different states an 
atom may have different valencies corresponding to the different Si values, for 
example, carbon is divalent in the ground state but tetra valent in the excited 
2s2p^ ^S state. 

As has been stressed in Volume I the elementary Heitler-London theory is 
based on the assumption that the atoms are in stat^ (L = 0) and that the energy 


® In Volume I, J was the exchange K the CJoulomb integral- Tt» chMige in 

designatioa corresponds to tl» preseaat usage of the majority of (©v<Mt Hmugh not all) authcos 
in iMs field. 



BUILDING-UP PRINCIPLES 111,3 

difference between the state considered and other states of the atom is large 
compared to the chemical binding energy. 

For a diatomic molecule, if the two atoms forming it are in 8 states, the 
resulting molecular states are S states which occur with the spin values (see 

p. 282). 

8 = S,+S^,S,+S^--l, . . (III, 65) 

The energies of these states are according to Heitler (490) 

£ = 4- (p ~ nx^Y)-^xY- (HI? 06) 

Here the energy E is referred to jS' = 0 at R = oo; Jxy = is the Coulomb 
interaction energy summed over all pairs of electrons (see VoL I, p. 353) and 
is the exchange integral formed for one of the electron pairs newly formed in the 
bond; p is the number of such pairs, and Uy are the number of electrons of X 
and Y that remain unpaired. Applying equation (III, 66) to two N atoms in their 
^8 ground states we obtain the energies of the four resulting molecular states 
as t/xY + ^xy + l-^xy» ^xy“~3-^xy Q-iid Jxy~^Kxy 

resf>eotively. Since the exchange integral K^y is negative (Vol. I, p. 354) and in 
general larger in magnitude than the Coulomb integral it follows that only the 
states ^2/ and are stable while the other two states are unstable even though 
still has one new electron pair. Actually the observed states of N 2 are in 
agrt^^ment with this prediction: the is about three times as stable as the 
state, and the has only a very shallow minimum. 

Heitler and Rumer’s extension of the Heitler-London theory. Heitler 
and Riimer (491) and Heitler (489)(49b) [see also Born (130)] have extended the 
preceding elementary considerations to polyatomic molecules. Again restricting 
the considerations to atoms in 8 states we see that now% in general, several states 
of a given multiplicity (total spin) arise. For example for three atoms X, Y, Z 
with 81 = |, ^2 = *^’3 = 2 the resultant spin is = 0, 1, 1, 2, 2, 3, 3, 4. The 
energy formulae for the molecular states are simple when only one state of a given 
multiplicity arises. This is the case for the state with the lowest 8 value (in the 
example 8 = 0). For a molecule XYZ. . . with a central atom X of high multi- 
plicity to which the atoms Y, Z, . . . are bound, Heitler and Burner found for the 
energy of the molecular state of lowest multiplicity 

E = JxYz.. , + Pi^xY + p2^xz + • ’ * — PiPJ^Yz * (HIj 67) 

where m before Jxyz... Is the Coulomb energy, K^y^ E^xzf * • • t:he exchange 
lK4ween X and Y, X and Z, . . . respectively and pi, p^, . . . the number 
of Mwlj formed eleetroa pairs between X and Y, X and Z, . . . (which in this case 
m to nimate of impaired electrons of the j6:ee atoms Y, Z, . . . ). Accord- 
i% to IIII, 'fl) the total intoractton oc^rgy is made up additively of the interaction 
of wmkm mkmm (note that J^rz. . . is &e sum of (X)ntributions 

Jxar 4- Jxi 
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Remembering again that the exchange integrals Zxy, • are negative 

we see from (III, 67) that each atom Y, Z, . . . is attracted by X with an energy 
that is the same as that for the diatomic molecules XY, XZ, . . . having the same 
number of bonds. On the other hand the atoms Y, Z, . . . repel one another since 
the sign in front of • is negative. This repulsion is similar to the 

repulsion of two He atoms which also cannot form any new electron pairs. 

If, for example, the X atom is the carbon atom in its ^S state and Y, Z, . . . 
are four H atoms in their ^S ground states the lowest resulting molecular state is a 
singlet state of CH 4 In this state each H atom is attracted by the C atom 

with an energy equal to the binding energy of the CH radical (formed from 
^S + ^S). From this binding energy we have to subtract the mutual repulsion of 
the H atoms which as a consequence tend to take up positions as far removed from 
one another as possible, that is, they will assume a tetrahedral structure. The 
H — H distances are much greater than the C — H distances and therefore the 
repulsion energies are small compared to the C — H attractions, that is, a stable 
molecule is formed. The simplicity of this result is somewhat deceiving since only 
the ^S state of carbon has been used and the states ^Z), bS' which lie l>eIow it 
have been neglected. 

In a similar way the molecules CH 3 and NH 3 can be treated. Because of the 
repulsion of the H atoms one would predict on this basis a planar s^nnmetrical 
structure. While this prediction is in agreement with experiment for CH 3 it is not 
for NHg which is well known to be a pyramidal molecule. This discrepancy must 
be ascribed to the neglect of nearby electronic states of the central atom (the 
and states of Y). As we shall see the pyramidal structure of XH 3 follows in a 
natural way when all three low-lying states of the N atom. i.e. ^S. *P. are 

treated together. Actually, observation shows that planar and non- planar XH 3 
differ in energy by only 0.25 eV which is very small in comparison with the total 
binding eiiergy. 

As a further application of eq. (Ill, 67) consider the HCX molecule for which 
also a single state with S — 0 arises from the separate atoms H{^iS) -h C(^^S) 
+ N(^S). Equation (III, 67) gives for the energy 

E == «7hCN + ^CH "h (III, 68) 

The repulsion between the N and H atoms leads in this approximation to a linear 
configuration, in agreement with the observed structure of the ground state. 
Since because of the large NH distance, is small compared to Xch ^cn 
the total binding energy i)(HCN) is nearly the sum of D(CE) and D(CX). Here it 
must however be remembered that the dissociation energies are those involving 
the C atom in the ^S state; the additivity is therefore difficult to establish 
experimentally. 

If a fifth H atom is added to CH 4 or a fourth to NHg or a second one to HCN, 
in each case several states of lowest multiplicity are formed (doublet states) for 
which the formula (III, 67) no longer holds. It can however shown that in all 
cases the additional H atom b repeMed [see Heitler (ref. (4BB), p. #iat ^ 
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a saturation of Valencia exists. A central atom with spin 8 can thus bind a 
maximum of 28 hydrogen atoms (or other univalent atoms) or a correspondingly 
smaOer number of atoms with higher Si values. 

We shall not consider further the general case of valence saturation on the 
basis of the Heitler-Rumer theory. It is however of special interest to consider 
the case of three univalent atoms X, Y, Z in ^8 states (i.e. Si = J). According to 
the spin rule (III, 65) there are two states of this system with the lowest possible 
total spin iS = |. On the other hand there are three ‘‘pure valence” states which 
may be described as follows 

XO^ 

(b) (c) X 

OI qZ 


(a) 


— o 
X 


These three states are not independent of one another: each one may be expressed 
in terms of the two ^ | states. For these two states London (760) has 

derived the following energy formula: 


•^± = *^XYZ i + KyZ + ^XZ ~~ ^XY^YZ “ ^XY^XZ “ ^YZ^XZ 

(III, 69) 

where as before Jxyz Coulomb integrals and ^yz^ ^xz 

the exchange integrals, all of which depend on the separation of the respective 
atoms and vanish when this separation is very large. 

Unlike the previous cases in which there was only one state of lowest multi- 
plicity, now the energy is not simply the sum of contributions of the different pairs 
of atoms. If one atom, say X, is far removed from the two others the exchange 
integrals K^r K^z will be small compared to Kyz and therefore (III, 69) 
becomes in a good approximation 

E ^ ^ J xYZ + E^yz “ + -k:x 2 ), (in, 70) 

~ *^XYZ -Xyz + K-^XY + -Xxz)* (III, 71) 

Since the exchange integrals are negative, the first state (E+) corresponds to a 
stable YZ molecule, the second state (i^ _ ) to an unstable YZ molecule in a repulsive 
state. In the first state the X atom is repelled by YZ, in the second state it is 
attracted. This result corresponds well with the elementary idea of saturation of 
Valencia: if YZ is a stable molecule a third atom X will be repell^ (pure valence 
state (a) above). However there is repulsion only for fairly large distances between 
X and YZ. If X is clc^ to Y while Z is at a larger distance we obtain from 

(in, $§) 

= Jxyz + ~ ii^xz + -^yz) 

of (HI, *1®), -feat now conwponds to a stable XY molecule repelled 
by Z (|WTO mfenoe flb)) ; wid similarly, if X is clo^ to Z wMe Y » at a lajt^er 
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Fig. 142, Two-dimensional cross section of the potential surface of three univalent 
atoms X, Y, Z assuming a linear conformation. This figure is taken from Eyring and 
Polanyi (369) who calculated it for the system H + H + Br. The energy values in the diagram 
(in kcal/mol) refer to this system. 

distance, E'^ corresponds to a stable XZ molecule repelled by Y (pure valence state 
(c)). Thus without a change of electronic state the transformations 

X + YZ->XY + Z and X + YZ->XZ-fY 

can take place, but there is a potential barrier between the three valence states 
since X is repelled by YZ (and similarly Z by XY and Y by XZ) for large separation 
of the two. 

Figure 142 shows a two-dimensional cross section of the potential surfa<» m a 
fxmction of the XY and YZ distances assuming the system to be lin^r, Aat is, 
assuming r(XZ) = r(XY) + r(YZ). The potential foarrier hetwem the vditey 
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corresponding to YZ and that corresponding to XY is clearly shown. If the 
complete potential function as a function of the three distances could be drawn it 
would show three valleys (in four-dimensional space) separated by potential 
barriers. Consideration of such potential surfaces, derived in a first approximation 
from eq. (Ill, 69), is of considerable importance for an understanding of chemical 
reactions (se»e also Chap. IV). 

Potential barriers arise according to the Heitler-Eumer theory also in other 
cases in which there is more than one state of low^est multiplicity and in which 
therefore there is no additivity of the binding energies. For example, for C2H2 
formed from -f- 2C(^S) two singlet states result and the state E+ in this 

case gives initially repulsion between the two H atoms and the central C2 group. 
Further details may be found in Heitler’s article (490). 

Even though the conclusions of the Heitler-Rumer theory have been derived 
under the assumption that ah atoms are in S states, Heitler (490) has shown that 
the results remain valid if one atom is in a P state as long as the resulting molecule 
is linear. If more than one atom is in a P state or if, as frequently happens, there 
are several neighboring atomic states, the problem can be handled by a perturba- 
tion calculation, but the situation becomes then much less simple. 

Slater and Pauling’s extension of the Heitler-London theory : p valence. 
While Heitler, London, Rumer and Bom considered the separation of states of the 
same electron configuration as large compared to the interaction energies between 
the atoms, Slater (1139) and Pauling (970){971) have considered this separation 
as small compared to the chemical binding energies. In other words they started 
out from given electron configurations of the separated atoms rather than from 
given states of these electron configurations. They purposely neglected the 
finer interaction of the electrons which gives rise to the splitting of the states of 
one and the same electron configuration. This neglect is clearly a serious neglect 
since for example the three states arising from the ground configuration of the 
X atom actually have energies 0, 2.38 and 3.57 eV, w^hile the binding energies of 
NH and NHg are 3.7 and 12 eV respectively. Nevertheless on the basis of this 
neglect w e obtain in some w^ay a much clearer and more direct picture of directional 
effects in valence, that is, of the observations that molecules like H2O are not 
linear, molecules like NH3 are not planar. 

As long as there is only one s or one p or one d electron outside closed shells 
in the separate atoms the Slater-Pauling approach does not lead to any change 
compared to Heitler-London’s since only one state arises {^S or ^P or ^P). It 
do^ however lead to a change when there are two or more p or d electrons. 

Hie fonn of atomic p orbitals has been given in the previous Figs. 117 and 
11^. In Uieae figure the are of course entirely arbitraiy. If an H atom 
wiA a 1« 4©©ircm m brought up to an atom (X) with two p electrons along the 
of 'Of tibe csoiwdinate abx^, say Xj, two stetes of the molecule r^ult in 
way m ia tibe one state with strong attraction, the other 

magnltede of the (or repulsion) is, as for 
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Ha, determined by the value of the exchange integral K given by eq. (Ill, 64). 
We can write this also in the form 

K = (III, 72) 

which shows more clearly that K is large if there are regions in which the products 
and (Pa{^)<Pb{^) are large or in other words if there are regions in which 
both orbitals 99 ^ and 9 ?^ have fairly large values. Thus the strength of the hMing 
is determined hy the magnitude of the overlap of the atomic orbitals from which the 
valence bond is formed. This principle is used a great deal in valence bond theory. 

It follows immediately from the overlap principle that if the H atom were 
brought up to the X atom with the two p electrons along a line different from one 
of the axes x, y, z, the strength of the binding would be less than if it approaches the 
atom along one of the axes. While this difference has no effect if there is only one 
H atom, since the X atom can of course appropriately orient itself relative to the 
direction H — X, it does have a large effect when there are two H atoms. Clearly 
the two H atom orbitals will give maximum overlap with two of the p orbitals if 
the two X — H bonds are at right angles to each other. Under this condition the 
maximum bond strength is obtained if for each bond an electron pair is available. 

In this way the valence bond theory leads to a simple explanation of the fact 
that in the H 2 O molecule in its ground state the two 0 — H bonds are nearly at right 
angles to each other. Figure 143 shows the overlapping of the orbitals in this case. 
To be sure, the 0 atom has four p electrons but two of these are already paired in 
the free atom, that is, only two are available and just sufficient for the two bonds. 



Fig. 143. Overlapping of thte orbitals of two H atoms witb two 2p orbitals of tite 
O atom in HgO for a 90° valence angle. For the sake of clarity one p orhitad of the O atom 
is shown by full-line, the other' by brokan-line curves. Two i(»nfeour feiee one eom^tpondii^ 
to a hi^, the other to a low^ vain© of ^ are 'Shown for mA crfe-itaL 
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The fact that the actual bond angle is slightly larger than 90° (viz. 104° 27', see 
VoL 11, p. 480) may be attributed to the repulsion between the H atoms and to 
s-p hybridization in the 0 atom (see below). The same prediction as for H 2 O 
results of course for CH 2 and indeed the bond angle in the lowest singlet state has 
been found to be close to that of H 2 O; but the actual ground state is a state of 
linear CHg (see p, 491). The explanation of this observation must also be sought 
in B-p hybridization (see below). 

If there are three unpaired j^-electrons as in the N atom, three new electron 
pairs can be formed with the three electrons of three H atoms and the greatest 
overlap of the atomic orbitals will arise if the three H nuclei are placed on the three 
coordinate axes x, y, 2 . In other words on this basis we expect the NH 3 molecule 
to have a pyramidal structure with an H — N — H angle of 90°. The actual 
structure of KH 3 (see Vol. II, p. 439) is not far from this prediction; again the angle 
is somewhat larger (106° 47') than predicted. 

For H 2 S, H 2 Se, . . . and PH 3 , AsHg, ... to which similar considerations apply, 
the observed valence angles are even closer to the predicted value 90°. 

Bond formation by the use of only ^ electrons in one of the participating atoms 
k often referred to as p-vdkince. In the preceding examples the other atoms were 
H atoms with one s electron each. However, the same considerations apply if the 
atoms to be attached are atoms like F, (2J1, Br, . . . with one hole in a complete p 
shell (which is equivalent to having a single p electron'^). The unpaired p electron 
can be used just like an s electron for bond formation; in Fig. 143 we have simply 
to replace the spherically symmetrical s orbital by a p orbital with its two lobes 
(Fig. 119a) oriented in the direction of the bond to be formed. The exchange 
int^rals are similar, and in consequence we have molecules like F 2 O, ClgO, NF 3 , 
PCI 3 , ... all of which are characterized by valence angles near 90°. 

It can be shown [see Van Vleek and Sherman (1240), and Coulson (7)] that the 
energy of a system consisting of a central atom to which a number of other atoms 
are attached, is in a first approximation given by 

= 2 + 2 ^ 2 (III’ 13) 

This equation, while similar in form to eq. (Ill, 67) of the Heitler-Rumer theory, 
differs from it in that the Coulomb and exchange integrals are now 

formed separately for each pair of electrons, not for whole atoms, are the 
Coulomb integrals between all pairs of electrons, are the exchange integrals for 
aU new electron pairs formed in the molecule and are the exchange integrals 
for electrons from different atoms not forming pairs. 

If we apply (III, 73) to the ISIHa molecule we obtain, disregarding the Is and 
& dbdroas of N, 

+ Jp,,. + Jp,,, + + - - • + -1 

-t- + Kp... - iKp^p, - iKp^ - i£:p,^ (in, 74) 

- i^Pp.. - Wp,., - i^Pppp - iKspPp - iKp,.. - iKpp,,. 

ataw Uke B, Al, w&t a p ©laisfercw!, ilo iM>t reaiMly attach thenci^lves 

to a awtei 0, M, . . - ftoa. 
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Here the three H atom orbitals are designated The largest and most 

important terms in (III, 74) are + ^p^sc’- exchange integrals 

referring to the three newly formed electron pairs. These integrals are negative 
and have their maximum magnitude when the three H atoms are placed in the 
three axes x, y, z, i.e. when the three bonds are at 90° to one another. The 
exchange integrals ^pxSc^ * • • because of the negative sign in (III, 74) have 

an antibonding effect but this effect, because of the much larger separation between 
the corresponding orbitals, is small compared to the bonding effect of 
+ be noted that the exchange integrals etc., 

between non-bonding orbitals have a minimum value when the valence angles are 
90° and therefore reinforce the directional effects. 

If we consider that for equal N — H distances 

^PxSa ~ ^PySi, ~ ^PgSci 

^Px^b ^PySa ^Pz^a ~ ‘ * 

*^PxSa ~ *^PySb ~ ‘^PzSc'f ^PxSb ~ *^PySc ==*••' 

then eq. (Ill, 74) may also be written 

■^NH3 = ^-^NH + ^hh (IIf> 75) 

where 

-^NH ~ *^Px^a *^Py^a *^2>aSa "f -^p^So ”” \^PySa ““ \^PzSa 
i^SaSc ^^SbSc' 

In other words, except for the small repulsion term of the H atoms the total 
binding energy of NH 3 is three times that of the NH molecule. This additivity of 
bond energies is observed to hold approximately in many cases. 

Formulae similar to (III, 74) and (III, 75) for NH 3 may be easily written down 
for H 2 O and other molecules. It is important to remember that the use of the 
basic formula (III, 73) implies the assumption that the wave function of the 
molecule can be approximated by a product of the atomic orbitals of the two 
atoms forming a bond and that the exchange integrals represent the main contri- 
bution to the bond energy. Moreover in this equation the normalizing integrals S 
of p. 353 have been neglected. 

s~p hybridization. According to the first step in the Slater-Pauling theory 
thus far presented the carbon atom would have two free ^-valencies, i.e. would be 
divalent. Just as in the elementary Heitler-London theory, for an understanding 
of the tetra valency of carbon it is necessary to make use of excited states. While 
Heitler and London ascribe the tetravalency to the state, Slater and Pauling, 
since they use electron configurations rather than stat^, ascribe it to the con- 
figuration sp^. However this configuration would on the basis of the preceding 
considerations give three p valencies at right angl^ to one another and a (weaker) 
s valency without a fixed direction. The observed tetrahedral arrangement of 
bonds around a carbon atom led Pauling (^9)(971) to inquire whetter a suWbfe 
mixture of s a-Tid p orbitals would supply tetrahedral bonds. 
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As has already been shown in section 2 of this Chapter (p. 307) if the energy 
difference between the 2p and 2.s* orbitals of a C atom is neglected, the orbital 
functions can be mixed (hybridized) in such a wa}^ that four mutually orthogonal 
orbitals are obtained ^'hich point to the corners of a regular tetrahedron. They 
have the form (see eq. Ill, 18) 

= #(2s) + i\/3 ^(2pi). (in, 76) 

The functions if}(2p,) and ifi, are illustrated in the previous Fig. 119 (p. 308). The 
four hybridized orbitals (III, 76) can now be used, in the same way as Py, 
were used previously for the formation of electron pair bonds if four univalent 

atoms are brought up to the C atom. Not 
only does it follow immediately that the 
four bonds are directed to the corners of a 
tetrahedron but, because of the form of 
the hybridized orbitals with their much 
larger lobe on one side than on the other 
(Fig. 119b and c), these orbitals lead to a 
much larger overlapping, i.e. to a larger 
value of the exchange integral and there- 
fore to much greater bond strength than do 
pure p bonds. The gain in bond strength 
of hybridized tetrahedral orbitals com- 
pared to non-hybridized orbitals com- 
pensates for the need to excite the C 
atom to the sp^ configuration. It is for 
this reason that compounds in which carbon is tetravalent are chemically so 
stable. 

If in a CH4 molecule the four H atoms are simultaneously and symmetrically 
removed in such a w^ay that the four electron-pair bonds are maintained to large 
internuclear distances one obtains the so-called valence stale of carbon which has 
the electron configuration sp^. The valence state in the Slater-Pauling theory 
unlike the tetravalent state of the Heitler-London theory is not a spectroscopic 

state but is a mixture of the states ^S, ^D, ^P, which arise from sp^ and 

are spread over a considerable range of energies, with an average energy of about 
7 eV above the ^P ground state [see Van Vleck (1236) who first developed the 
(X>nc»pt of valence state]. On the other hand, of the many molecular states that 
wriTO from the six states of C sp^ by combining with four H atoms (see p, 291 and 
Table 2^) the Slater-Pauling theory considers only the low^t one of species 
Such a state arfew also firom C s^p^ (the lowest state of winch, ®P, is the ground 
stote of atrbon). Skic» states of the same specie cannot intersect, if the H atoms 
are »iaiiltai«wrfy and symmetrically removed fircMH 'CH4, actually, the ground 
st^» ®F of C ariw. T^e owrdatkm k illnsfeated in Hg. 144. On the basis of 
th» «Mie may lie tempted to ^i^ier as the tem stafflgth of the COBE bond 

in CH* one quarter of the ener]^'" to d^^Msiate it into femr H atoms and th^ C atom 


Ct^ph+4Hl25) 






7ev 

s2p2^) + 4H(a5) ^ 




J 


17 eV 

I 

I 


Fig. 144. Correlation of the two 
lowest ^ Ai states of GH 4 with the states 
of the separated atoms. Full-line cor- 
relation lines represent actual correlation; 
broken-line correlation lines correspond to 
ziero-approximation valence -bond theory. 
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in the valence state, that is, a value that is higher by J of 7 eV than the net bond 
strength which is J of 17 eV (= 4.25 eV). 

Strictly speaking, since not only the state but also the state of the 
configuration as well as several of the states of the and configurations {viz. 
^S, ^D, and ^P, respectively), give ^Ai states of CH^, the ground state 
of the molecule will be a mixture of all these states. Conversely, the \alence state of 
carbon is not simply an average of the states of the sp^ configuration but the ^P and 
states of the s‘^p^ and p^ configurations must also be included [see Voge (1248)]. The 
true theoretical strength of the CH bond in CH 4 , as opposed to the net thermochemical 
bond strength, is therefore a rather indefinite concept. 

In view of the success of the assumption of s-p hybridization for the under- 
standing of the tetravalency of carbon one is naturally inclined to ask whether its 
introduction in other atoms might be of advantage. If, for example, in the nitro- 
gen atom one were to introduce complete s-p hybridization one would again have 
four tetrahedral orbitals, but since there are now five electrons, two will fill one of 
the four orbitals even before the three H atoms are brought up to the N atom. 
These two electrons form the so- called ‘Tone” pair. Apart from it, there will be 
three new electron pairs formed corresponding to three NH bonds which would 
now have tetrahedral angles (109° 28') between one another instead of 90° without 
hybridization. The observed angle inNHg (106°47') lies between these two extremes. 
Indeed the energy difference between the 2^ and 2p orbitals in nitrogen is some- 
what greater than in carbon while only three bonds are formed to compensate for 
the excitation of the N atom to the valence state. For these reasons it is reason- 
able to expect that hybridization is not as complete as in carbon. The same 
reasons apply even more strongly to oxygen atoms (and similarly S, Se, . . . atoms). 
Here only two of the hybridized tetrahedral orbitals are free for bond formation. 
Again the observed bond angle in H 2 O lies between 90° and 109° 28'. 

Similar to CH 4 there are also for H 2 O, NH 3 , . . . several states of the central 
atom that give rise to ^Ai states. They will mix in to some extent with the groimd 
state of the molecule but the contribution of the ^Ai states derived from the ground 
states of N and 0 is larger than for C. 

The atoms of group II of the periodic system Be, Mg, . . . cannot form any 
electron pair bonds in their s^ ground states but must be excited to the con- 
figuration sp for bond formation. As was shown in section 2, if we use only one 
component, say p^, of the p orbitals we obtain, by hybridization with s, two 
digonal hybrid orbitals pointing in opposite directions. Thus Be, Mg, ... are 
expected to form stable linear molecules with two univalent atoms: BeFs, MgCJlg, 

CaCJlg. This expectation is in general agreement with experiment, but in 

recent molecular beam work by Wharton, Berg and Edemperer (1292) some of the 
heavier dihalides {BaF 2 , Baldlg, . . . ) have been found to have appreciable dipole 
moments that is, must be bent. If instead of digonal hybrids we had formed 
tetrahedral hybrids, using all three components of the p orbital, only two of the 
four orbitals could be filed with an uni^ired electron mch and cmly two bonds 
wiiii two other atoms 'Could/be fpmied which wouM subteted an lyo^fe oi 
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However, the observation of a linear conformation for the ground states of many 
of these molecules suggests that sp rather than sp^ hybridization gives the state of 
lowest energy. The reason for this state of affairs may be (1) that the exchange 
integrals involving non-bonding electrons leading to repulsion are smallest for 
the linear configuration and (2) that the unfilled non- hybridized p^^ and Py orbitals 
can accept more readily the lone pairs of the halogen atoms forming tt bonds (see 
below). 

For B, A], Ga, . . . atoms in their s^p ^P ground states, there would be only a 
single p valence, but the configuration sp^ if hybridized gives three equivalent 
orbitals with their axes in one plane and with angles of 120° between them (see 
section 2, p. 309). In this way the trivalence of B, Al, Ga, . . . can be understood 
and the observed planar Dqii structure of molecules like BFg, BCI3, ... is accounted 
for. The planar symmetrical structure is further stabilized by the fact that 
exchange integrals between non- bonding electrons have their minimum values and 
because the lone pair electrons of the halogens can make use of the p^ orbital not 
used in the sp^ hybridization. 

If one had used complete hybridization of all three components of the p 
orbitals one would again have had four equivalent tetrahedral orbitals, only three 
of which would have been occupied leading to three electron-pair bonds. It 
appears that in this case the advantage of sp^ hybridization over sp^ hybridiza- 
tion is not very strong and in certain cases the tetrahedral arrangement is pre- 
ferred as for example in H3BCO where the two lone pair electrons of CO fill the 
fourth tetrahedral orbital. Possibly the chemical stability of BsHg, as opposed 
to the chemical instability of BH3, may be related to the preference for a tetra- 
hedral arrangement of bonds around each B atom, giving rise to the bridge 
structure of BsHq which is now well established [see Couison (7)]. 

7c bonds. x411 the electron-pair bonds considered thus far were formed either 
from s orbitals of the separated atoms (which are non-directional) or from those 
components of p orbitals or hybridized orbitals that point in the direction of the 
bond. In the language of diatomic molecules these orbitals are a orbitals (either 
^ 0 - or pa). Correspondingly the bonds are called a bonds. Up to now in our 
discussion of the valence bond method we have considered only single bonds. 
There are in this method two ways of describing dovMe bo 7 ids: 

(a) If two carbon atoms with tetrahedral (hybridized) orbitals are brought 
together along a line bisecting the axes of two orbitals, w^e obtain an overlap 
betww^n two pairs of orbitals as shown in Fig. 145a. This overlap is of course not 
m great m is obtained in tw^o ordinary a bonds but nevertheless is sufficiently 
to j^M a binding stronger than that of a single bond. The two electron- 
l^ir-boiicte in tbfe care: <x>iiM be deBcribed as “bent** bonds (of a banana shape). 
This mpwmmtMtkm mm^m^ doselj to sterw-dhemistry in which a 

'dcmMe hood wm as formed by two teteabedral carbon atoms touching 

along a common edge of the two tetrahidioiis. It is dfeayr that on fhm niodel the 
low H atoiiw of wM dOI & In same plane {at .nght to plane of 
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Fig. 145. Two alternative representations of double bonds in valence-bond theory 

(a) by overlapping of tetrahedral orbitals ; (b) by sideways overlap of orbitals. Strictly 
speaking, orbital functions as in Fig. 119 shoiild be used, but for simplicity, in conformity 
with common practice, greatly simplified orbitals are shown. In (a) both bonds of the double 
bond are equivalent, we have two “bent bonds” indicated by the broken lines. In (b) only 
the orbitals forming the v bond are shown. 

the paper in Fig. 145) and that the H — C — H angle in each CH2 group would be 
the tetrahedral angle: 109° 28'. 

(b) If instead, as was first done by Hiickel (583), we start out from trigonally 
hybridized orbitals, that is, hybridize only s with and p^ but not with p^ (if xy 
is the plane of the C2H4 molecule) we obtain two CH bonds at each carbon atom 
which are at 120° to each other and to the (single) bond that connects the two 
carbon atoms with each other. The second bond between the two carbon atoms is 
then assumed to arise by the sidew'ays overlap of the two p, orbitals in a way 
illustrated in Fig. 145b. These p^ orbitals as already indicated (p. 327) are called 
7T orbitals: in O2 (the united molecule) they correspond to the rr^’Ip orbitals. It is 
immediately clear that upon rotation of the two CH2 groups with respect to each 
other about the C — C bond the overlap of the tt orbitals decreases and is zero when 
the CH2 planes are at 90° to each other. In this way one can readily account for 
the stability of the planar form, just as for model (a). Because of its formation 
from two TT orbitals the second bond in C2H4 and other molecules is called a tt 
bond. The double bond in this representation consists of a g and a tt bond. 

Penney (975) and Coulson and Moffitt (240) have shown that the second model 

(b) gives a lower energy than the first one (a) and is therefore preferable [see also 
Coulson (7)]. Indeed the HCH angle in C2H4 is observed to be 117.6° [Dowling 
and Stoicheff (305)], which is in better agreement with the second than with the 
first model. Similarly in H2CO this angle is found to be 118° [Lawrance and 
Strandberg (730).] On the other hand for substituents other than H (e.g. in 
F2C=CH2, Cl2C=CH2 and others) the XCX angle appears to be closer to 109° 28'. 
For this reason Pauling (30) still prefers the first model of the double bond. On 
either model there is no free rotation while for a single bond such free rotation 
exists, at least in the approximation of elementary valence theory. 

Also for a linear molecule like CO2, two models may be used for the double 
bonds: either (a) the orbitals of the central c^bon atom are wmpletely hjhnMwd 
and two of the resuifing tetrahedral orbitals overlap with the two naj^ireid p 
orMtafe of one O atom (Oj) giving rise to two bent ^ectron-p^ lM»is widi© ttie 
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Fig, 146. Valence-bond orbitals in CO 2 ; {a) using tetrahedral orbitals on C, 
(6) using IT bonds for the second bonds of each double bond. Two projections in two per- 
pendicular planes through the molecular axis are shown. In (a) the two unpaired p orbitals of 
each 0 atom are oriented under 45° to the internuclear {z) axis; in (b) one of them is Ps (not 
showm), the other is py in Ox, in On- 


other two tetrahedral orbitals of C overlap with the two unpaired p orbitals of the 
other 0 atom (Oxi) also giving rise to two bent bonds, but in a plane at right angles 
to the plane of the first double bond; or (b) only one of the p orbitals of the C atom 
(p^) is hybridized with the s orbital forming two digonal orbitals in the z direction 
(see p. 309) and forming two <t bonds with the p^ orbitals of the tw^o 0 atoms while 
the py and orbitals of C form tt bonds with the second unpaired orbitals (py 
and pj.) of Oj and Ojr respectively. The third p orbital of each O atom of course 
does not take part in the binding since already in the free atom it contains two 
electrons. In one tt bond, say between C and Oj, the a* 2 -plane is a nodal plane of 
the TT orbitals, in the other, between C and On, the y 2 -plane is a nodal plane. In 
Fig. 146 the orbitals in 0 + C 4- 0 w^hich account for the binding are shown 
schematically according to the tw^o models (but omitting the orbitals giving a 
bonds in the second model). 

In a similar w’ay triple bonds, as in HCfeCH, can either be considered as three 
bent bonds with three tetrahedral orbitals from one atom overlapping with three 
of another (the two tetrahedrons have one face in common) or they can be cen- 
tered m file superposition of one u bond formed, as before, from digonal orbitals 
«Mi two w bonds formed by sideways overlap of the p^ and Py orbitals of the two 
atom. 

RisiMMaMse in tlie method. In tihe vateiee-boiid method 

of Sater at jnrt m m the liie wnoept of 
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mixing of two or more pure valence states, here usually called resonance, is of 
importance. We must distinguish two types of resonance: exact resonance and 
near -resonance. The first is of the same type as that first described by Heisenberg 
in the discussion of the excited states of He [see (21), p. 66]: If is the eigen- 
function when electron 1 is excited and ^2 when electron 2 is excited, the actual 
eigenfunctions, when the interaction of the electrons is taken into account, are 
found to be 50 : 50 mixtures of and in a first approximation simply 

«As = 01 + 02 and i/r^ = i/fi - */f2. (in, 77) 

These two eigenfunctions have opposite symmetry with regard to exchange of the 
two electrons and, quite generally, for exact resonance the two (or more) true 
eigenfunctions have different symmetries with respect to the element of symmetry 
that causes the resonance. The difference in energy between the tw^o states is in a 
first approximation [see, e.g. Pauling and Wilson (31)] 

E,-E, = 2 1 (in, 77a) 

where for the He atom H 12 = Exact resonance often arises when we start 

out from eigenfunctions that do not fulfill all the symmetry requirements of the 
system under consideration while suitable linear combinations of them do. Thus 
the localized orbitals used in valence- bond theory are in general not proj>er 
symmetry orbitals, but suitable linear combinations of them are. The energies 
of the latter differ from those of the former by the resonance energy. The intro- 
duction of resonance between localized orbitals leads to de-localization. 

Resonance also arises between states of somewhat different energy. Unlike 
the situation in the preceding type of resonance, here the two zero-approximation 
eigenfunctions already have the correct symmetry and only states of the same 
symmetry (species) can ‘"resonate” with each other. This resonance between 
different electronic states is the exact analogue of perturbations between rotational 
or vibrational levels treated previously (see also the discussion of perturbations in 
Volume I, pp. 282f, and that of Fermi resonance in Volume II, pp. 215f). Now 
the resulting eigenfunctions are not 50:50 mixtures but rather given by 

0a = C01 — 0b = #1 + ^02 

where -f = 1 and c > d. 

The functions ^ 2 ? • • • eigenfunctions of the molecule in 

different electronic states of (slightly) different energies corresponding, in the 
present discussion, to different valence configurations obtained from valence-bond 
theory. The actual states are mixtures of the tw^o (or more) “original ” states and 
their energies are changed by an amount which is called the resonance energy. 
The lowest state is always lowered by resonance. The magnitude of this lowering, 
i.e. of the resonance energy for two interacting states is in a first approximation 


(in, 79) 
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where W represents the terms of the Hamiltonian neglected in the zero approxima- 
tion. The upper state increases its energy by the same amount. It must be 
emphasized that the functions (IIL 77 or III, 78) are only first approximations. 
The actual eigenfunctions are more complicated and in them the contributions of 
the two or more states can no longer be separated. 

Both the concepts of exact resonance and of near resonance have already been 
used implicitly in the earlier discussion of linear combinations of atomic orbitals 
(p. 3fK)) as well as of hybrid orbitals (p. 307). The concept of resonance just as 
that of perturbations is a somewhat artificial one since it is based on a certain 
zero apf)roximation. If one could derive directly the energies from the wave 
equation by a computing machine of sufficiently high pow'er one would not 
encounter the concept of resonance. In other words resonance is not something 
that arUmlly happens in the molecule but is a mathematical construct that helps us 
to undenstand better the positions of energy levels and especially of the ground 
state without carrying the calculations to high orders. 

After these preliminaries let us now consider a few examples of the application 
of resonance in valence- bond theory. One simple example already considered in 
Volume I is the HCl molecule. There are two low-lying states of this molecule, 
one derived from H + Cl, the other derived from + Cl“ ; the first has a mini- 
mum because of homopolar attraction (formation of a a bond), the second because 
of the electrostatic attraction of the ions. A rough estimate shows that the first 
state forms the ground state since for separated nuclei the energy of 4- Cl" 
lies 10 eV above that of H + Cl. However, the ionic state will still “resonate” 
with the ground state since both states have the same symmetry (^S"^). This 
resonance causers the energy of the ground state to be lower, that is, causes the 
molecule to be more stable than it otherwise would be. Thus HCl while pre- 
dominantly homopolar in its ground state has to a certain small extent ionic 
(electro valent) properties. This type of resonance is also called ionic-homopolar 
resonance. Actually the ionic states of HCl and HF have recently been observed 
as excited states of these molecules [Jacques and Barrow (615), Johns and Barrow 
(636)]. They have in turn some homopolar properties and lie higher than they 
would have without the interaction with the homopolar (ground) state. 

A simple example of resonance in a polyatomic molecule is presented by CO 2 . 
As we have seen the two double bonds (bent bonds or tt bonds) are in planes at 
right angles to each other. For a fixed configuration of the nuclei there are clearly 
two states, one in w’hich the left double bond is in the a: 2 -piane and one in which 
the t%lit double bond is in that plane. The^ states are in exact resonance and 
therefor© the ground state has equal contributions from each of these two valence 
statw. In addition according to Pauling (30) two ionic stat^ 

•"OsC-O- and 

to gpouttd rtate fflving a oonMieaable knne-homc^eJar resonance 

i»i ilie li^rea^' C3i" tib© C===4) di^Moee in 00 ^ ^**ip®**^ 
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to that in molecules with only one C=0 bond, for example H^CO (1.16 A compared 
to 1.21 A). ^ 

Similar considerations apply to N 2 O which is well known to be linear and 
unsymmetrical (see VoL II, p. 277). The only valenee-bond structure that does 
not require an excitation or ionization of one of the atoms is 

(a) :]Sr— N=0: 

where the pairs of dots indicate “lone” pairs of electrons not used for bonding (in- 
cluding 25 electrons). In the structure (a) the outer N atom uses only one of its 
p electrons for binding. The central N atom uses its three p electrons only, 
resulting in three bonds at 90° to each other. Therefore the molecule would be 
expected to be strongly bent in this state. However, as first pointed out by 
Pauling (30), there are three valence states that probably lie much lower, viz.: 

(b) :N=N+=:0: (c) :N=-N-"==6: (d) 0: 

In each of these the central N atom is ionized and can therefore be in a tetravalent 
state (assuming sp^ hybridization). 

The structures (b) and (c) are similar to the two resonating structures of CO 2 
considered above: they differ only by the orientation of the planes of the double 
bonds. In all three structures the larger number of bonds (four electron-pair bonds 
and one electrostatic bond) is assumed to cause the energ}^ to be lower than that of 
structure (a) in spite of the energy needed to ionize the centra] X atom. A 
further lowering of the energy arises on account of resonance. On this basis the 
linearity of the molecule is readily understood: it follows from the same reasons as 
the linearity of molecules like CO 2 and FCN. While in each of the structures 
(b), (c), (d) the molecule w'ould have a large dipole moment it is clear that in a state 
that is a mixture of the three the dipole moment would be quite small as is indeed 
observed for the ground state of N 2 O. 

There is a fifth structure that may be considered for N 2 O, although it has been 
rejected by Pauling, viz. 

(e) :N=N=0: 

In this structure the central nitrogen atom is brought to a state l5^252p^35 in 
which it is pentavalent. The energy required to bring the N atom to this state is 
clearly less than to bring it to the 2>s2p^ state of N"^ which is required for (b), (e) 
and (d); on the other hand in the structures (b), (c) and (d) some energy is gained 
in the formation of the negative ions. Therefore these structures have probably 
about the same energy as (e). In fact it may be that (e) is only a different way of 
writing (b) or (c) in that the 35 electron in (e) forms an electron-pair bond with the 
third p electron of the outer N atom while in (b) it is considered to have moved 
over completely to it forming an additional lone pair and giving rise to the n^atlve 
charge. Just as (b), (c) and (d) the valence structure (e) yidids a linear inciecute. 

The resonance concept has also b^n used by Pauling (30) to for 
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chemical stability of molecules with an odd number of electrons, even though 
according to the elementary theory one would expect them to form stable dimers. 
The most striking case is that of NO which, on the basis of the valence structure 


should form 


(a) — N== 6 :, 


(b) 


0==N 


N=0 


According to Pauling it is resonance with the structure 


(c) 


w^hich stabilizes the ground state of NO and therefore reduces the energy gained in 
the formation of the dimer (b). 

More recently the same type of argument has been used to account for the 
chemical stability of XeF^ and other Xe and Kr compounds. 

The most important example of resonance and complete electron de- 
localization is provided hy the benzene molecule. The two K^kule structures 


(o) 




(b) 




and 




HC' 

II 

HC 


■^CH 

I 

^CH 


obviously have the same energy and the (exact) resonance between them must lead 
to a considerable lowering of the energy. The description of the electronic 
structure of each of the Kekule forms, on the basis of the Slater-Pauling theory, is 
an extension of that already given for C 2 H 4 (p. 365, model (b)) and was first 
proposed by Hiickel (584): we hybridize only two of the 2p orbitals of each C atom 
with the 2s orbital obtaining three trigonal orbitals in the o^y-plane (see p. 309) 
and one non-h.yhridized orbital 2^^ with its axis perpendicular to this plane. The 
three trigonal orbitals of each of the six carbon atoms combine in pairs with one 
another and with the Is orbitals of the H atoms forming twelve localized valence- 
bond orbitals each of which is filled with two electrons. In this way the ring 
structure 
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H 




m wtefc al teA are «r and are at IMf' to 'CaA oHmt in a^-plane. 

11 «e reuMito wineli tiie six orliitads oentored 'CaA 
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carbon atom with their lobes above and below the a:^-plane. The sideways overlap 
of two adjacent orbitals will lead to the formation of a tt bond just as in C2H4 
(see Fig. 145b). Clearly only three such n bonds can be formed (a given carbon 
atom can combine its orbital only with that of one or the other of its neighbors) 
and in this way we obtain one or the other of the two Kekule forms. While in 
each Kekule structure, because of the alternation of single and double bonds, one 
would expect an alternation of bond lengths the superposition of the two structures 
(i.e. the resonance) has the effect that all bond lengths are equal, in agreement with 
observation. Moreover, no difference has ever been found chemically between 
the different carbon — carbon bonds of benzene. 

The magnitude of the resonance energy can be determined theoretically as 
follows: The energy of a Kekule structure is readily obtained from eq. (Ill, 73) as 

“^Kfekule = </ + + -^34 + — M-^23 + + ^gl) (111,80) 

where J is the Coulomb energy and the exchange energy between p^ electrons 
on atoms i and j (numbered in order 1, 2, . . . , 6 around the ring). In (III, 80) we 
have neglected non-neighbor interactions and considered only the exchange of the 
77 electrons. The integrals K12, -^34, are equal among themselves, say equal 
to Ka, and the integrals K2Q, K45, are equal among themselves, say equal to 
Kf,', therefore 

•S^K^kuld = 2 ^b- 

Usually the additional assumption is made® that Ka = = A" so that 

An^kuie = 4- 1.5 A. (IIIj 81) 

If one now calculates the energy of the system in which the two Kekule structures 
are mixed one finds from (III, 77a) [see Coulson (7)] 

Es==J + ^AK. (Ill, 82) 

Thus there is a resonance energy® of — 0.9A". (Note that K is negative.) 

If the eigenfunctions of the two Kekule structures are and ^2^ ground 
state, in the zero approximation, has the eigenfunction ipi + ^2* If totally 
symmetric, i.e. has the species A^g of point group The other state of the 

molecule arising from the two Kekule structures has the eigenfunction ipi — ip 2 
and belongs to the species Its energy Ea is higher than that of the Kekule 

structure by the resonance energy, i.e. in the present approximation 

Ea^J + 0.6A. 

For a more complete description of the ground state of benzene, structures 
other than the KekuM structures must also be considered. It can be sho\^Ti [see 

® This assumption is contrary to the essential characteristic of the Kekule structure that 
single and double bonds alternate and that therefore alternate bonds have different lengths, 
i.e., that Ka > A^,. For this reason j^K6kui6 > + 1.5A; or in other words the value J -f 1.5A 

refers to a hypothetical Kekul6 structure with equal bond lengths. 

® Strictly speaking is the resonance energy referred to a K6kuM structure of 
metrical form (see footoote 8). 
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Eyring, Walter and Kimball (13)] that all possible valence structures of benzene 
in the valence-bond thf^ory can be expressed in terms of the two Kekule structures 
and the three Dewar structures. The latter are 



Ixt us designate the corresponding eigenfunctions by 1/^3, ^4, ^5 respectively. The 
energy of one of the Dewar structures is (similar to (III, 80)) 


Dewar "f ^12 -^45 ii^23 d" -^34 d" -^56 d" ^6l) 

= J + 2K, ~ 2K, 


(III, 83) 


whicli on the assumption that gives simply 

-^Dewar “ ' 


Since this is higher by ~ L5A" than the energy of the Kekule structures, the Dewar 
structures have only a relatively small even though not negligible effect on the 
ground state. 

There is, of course, exact resonance between the three Dewar structures. 
This resonance leads to a splitting into two states, one totally symmetric (^jg) 
with eigenfunction 

i/r^(Dewar) = ^3 d- ^4 d* 1/^5 

and one doubly degenerate (Esg) eigenfunctions 

i/«,(Dewar) = 1/13 - 1/14, i^^(Dewar) = - 1^5. 

It is the first of these that can resonate with the ground state (since its species is 
the same). As was first shown by Pauling and Wheland (972) this resonance 
produces an additional lowering of the ground state by an amount of — 0.206if 
so that the total resonance energy is —l.lOgA. The percentage contributions of 
each of the two Kekule and the three Dewar structures to the wave function 
of the ground state of benzene are found to be 39.0 and 7.3 per cent respectively. 

Ail experimental determinations of the resonance energy have to be based on 
certain assumptions. The most direct determination seems to be the one based 
on a comparison of the heat of hydrogenation of cyclohexene (CgHio) with that 
of benzene [Kistiakowsky, Ruhoff. Smith and Vaughan (673)]. Assuming the same 
intemuclear distances in the two molecules one would expect for a single Kekule 
structure of benzene a heat of hydrogenation three times that of cyclohexene, 
that k 3 X 28.6 = 86.8 kcal/mole, since three instead of one double bond is 
Iwoken. Actually only 49.8 kcal/mole is released showing that the energy of the 
ground state of is 36.0 kcal/mole lower than expected. This is the observed 
rmawnoe ©Mrgy, which when <x>impared to the theoretical value ( — l.lOgiT) 
l^is to A = — ® .6 kwl/mofe. However, this value giv^ only moderate agree- 
BMnt of »ltelat«i with ohaenred rraonance' in naphthalene and higher 

Imm Coufccm (7), Whel««i (43) smi. Steeitwie^ (39)]. 
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It is interesting to note that the same four electronic states derived above 
from the two Kekule and the three Dewar structures can also be obtained directly 
without any assumptions about rr bonds simply on a group theoretical basis: If 
six atoms in ^Sg states are brought to the comers of a regular hexagon the resulting 
molecular states are those given at the bottom of the earlier Table 26, p. 290. It is 
easily seen that the same states arise from six atoms with a electron each. The 
singlet states that arise in this way are: two ^A-^g, one and one and these 
are precisely the states derived from the valence picture. 

The state, which corresponds to ^^as been observed as the upper 

state of the ultraviolet absorption bands of CgHe near 2625 A (see Chap. V, section 
10). According to the rough approximation above, its excitation energy should be 
— 2.006ir. The observed energy yields thus A = —54 kcal/mole. Considering 
the crudeness of the approximation the agreement with the value derived from the 
“observed” resonance energy must be considered as satisfactory. 

d-valence. The d orbitals of an atom have a five-fold degeneracy. Figure 
147 shows in three projections a set of five mutually orthogonal (real) orbitals similar 
to Fig. 117 for p orbitals. The corresponding mathematical expressions are 

= L (3^2 _ ,2)/(r) 

>Afe-=,=) = 

4,(d,,) = 2yz/(r) (III, 84) 

>A(4x) = 22a:/(r) 

= 2xyf(r), 

where/(r) is given by (III, 15). Any five mutually orthogonal linear combinations 
of the functions (III, 84) would also form a possible set of orbitals^°. 

If an atom had two d electrons outside closed shells, according to valence-bond 
theory, two univalent atoms approaching the former would give, according to 
Fig. 147, maximum overlap if the two bond directions are at 45', or 60", or 90", or 
120°, or 135° to each other. If there are three d electrons the same angles between 
the bond directions may occur. As a special case the three bonds may be in a 
plane at 120° to one another (see Table 29). The corresponding trigonal orbitals 
are linear combinations of d^g. 

The pure d bonds just discussed are not important because in all cases in w'hich 
d electrons are the outermost electrons there are other electrons (s or p) of similar 
energies with which the d electrons can hybridize. Various possibilities of hy- 
bridization involving d electrons were listed previously in Table 29, p. 310. 
Probably the most important of these is the one that leads to the formation of six 
equivalent octahedral orbitals from one a, three p and two d orbitals. As an 
example consider the formation of the SFg molecule which is known to have the 
form of a regular octahedron (see VoL U, p. 336). The sulfur atom in ite ground 
state has the configuration 35^3p^ and is therefore divalent m in MS andJawr 
Note- that the MdiwIiMl l®tw except m are oot axMj 
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compounds. A hexavalent state is obtained by taking one electron each from 3 ^ 
and to M, that is, by using the configuration In this state six 

electron-pair bonds can be formed with the electrons of six univalent atoms and 
these bonds will be directed toward the comers of a regular octahedron. It is 
significant that for oxygen for which the M orbital lies fairly high no hexavalent 
compounds have been found while for S, Se, Te, the hexafluorides are well knovm. 
However, no hexahydrides have been found for these elements. The reason for 
the difference between F, H and other ligands has been discussed recently by 
Craig and Zauli (254) [see however Cruikshank, Webster and Mayers (257a)]. 

In the transition elements the 45 and 4p (or 5s and 5p) orbitals are in general 
only slightly higher in energy than the 3d (or 4d) orbitals and hybridization is 
readily achieved. Thus in Mo, which in the ground state has the configuration 
4cd^5s, we obtain easily the configuration 4d^5s5p^ which can be hybridized as 
before to give six equivalent octahedral orbitals and in this way w^e can account 
for the stability of MoFg. In a similar way WFg and XIFg can be understood. 
The non-existence of CrFg in spite of an entirely similar configuration is less easily 
explained. If there are more electrons in the d shell, as in Re, Os, Ir, Pt, we can 
stiU obtain octahedral hybridization by simply not using the additional d electrons, 
and indeed hexahalides of these elements have been prepared. 

For most transition elements the situation is complicated by electrostatic 
effects in the complex ions that are formed. For example in [Cr(XH 3 ) 6 ]Cl 3 we have 
a Cr+'^^ ion with three d electrons which would not be sufficient to form six 
electron-pair bonds; but if we assume that each NH 3 gives one of its lone pair 
electrons to the central atom we have a Cr ion with nine outer electrons which 
may be in 3d, 4s or 4p orbitals and may form six hybridized octahedral bond 
orbitals. To the effect of the electron-pair bonds thus formed is added the 
electrostatic attraction between the oppositely charged ions. We shall postpone a 
further discussion of transition elements until after a more detailed treatment of 
the molecular orbital approach. 

Excited states. Valence-bond theory is mainly concerned with the question 
of the stability of the ground state of a molecule, but in principle it can also deal 
with the excited states of molecules. Indeed the concept of resonance implies the 
presence of at least one excited state of the same species as the ground state and 
information about this excited state is obtained automatically when the effect 
of resonance on the ground state is determined: the excited state is raised by the 
same amount that the ground state is lowered. It is more difficult to make precise 
predictions about excited states whose species and spin are different from that of 
the ground state. A very interesting and successful attempt has been made by 
Jordan and Longuet-Higgins (649) who have calculated the energies of the low- 
lying electronic states of CH 2 , CH 3 , NH 2 , BH 2 and BH 3 as a function of the bond 
angles. The agreement of the calculations for CH 2 and MH 2 with the experimental 
data is very satisfiwjtory. The pr^Bction that BH^ in ite ground wonM be 
linear was, however, not oonfima'ed by sul^squ^t expmnwate 
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Johns (531)]. Similar calculations of low excited states have been made by 
Hutchinson (598) for H^O, BeHa, CHs. XHg, CH3, C2H2, by Ellison (352) for CH^, 
CH3, CH4, by Jordan (648) for PH2 and by Dixon (286) for CHg. 


(b) The molecular orbital method 
(a) Basic idea 

There are two important aspects to molecular orbital theory: one is the 
determination of the order and energy of the various electronic states of a given 
molecule and tlie other is the prediction of the stability of each of these states, 
particularly of the ground state. The first aspect has already been dealt with 
fairly exhaustively in section 2 of this chapter; it remains now to discuss the 
second aspect, in other wmrds the question of how^ on the basis of molecular 
orbitals the stability and the phenomenon of valence in polyatomic molecules 
can be understood. 

Bonding, anti-bonding and non-bonding electrons. Just as in the first 
approximation of molecular orbital theory we consider independently the contri- 
butions of the individual electrons to the total energy and eigenfunction of each of 
the electronic states, so in a valence theory based on molecular orbitals we must 
consider independently the contributions of the individual electrons to the binding. 
This is done by means of the concepts of bonding, anti-bonding and non-bonding 
electrons (or orbitals). If in the formation of the molecule from the separated 
atoms (or groups of atoms) an electron occupies an orbital whose energy decreases 
as the interatomic distance r decreases, then this electron gives a positive contribu- 
tion to the binding energy, that is, it is a bonding electron; if the energy of the 
orbital increases as r decreases the electron gives a negative contribution, it is an 
anti-bonding electron; if the energy of the orbital does not change appreciably the 
electron is called non-bonding. Thus in order to predict whether or not a certain 
molecular electronic state resulting from the separated atoms is stable one has to 
estabJish its electron configuration on the basis of one of the correlation schemes 
previously given (section 2b) and then see w^hether the contribution of the occupied 
bonding orbitals to the binding is larger in magnitude than the opposing contri- 
bution of the occupied anti- bonding orbitals (compare the corresponding rule for 
diatomic molecules, Vol. I, p. 362). 

The difficulty in the molecular orbital method is that the magnitude of the 
bonding or anti- bonding action of a given orbital is not easy to assess without 
elaborate calculations. However, in many (^ses (see below) the bonding action of 
an etectron in a bonding orbital is opposite and roughly equal to the anti-bondir^ 
actk» of an electron In the corr^ponding anti-lwnding orbital, Therefore 
the aiiTO rule of ikumb holds as f<nr diatomic molroul^ (VoL I, p. 367), 
vis. a MMe bmd u fm'wai if &e mnmiier of bmding decirom is greai&r than ike 
m$^mr dookom, tte hiiMiiing 'energy beii^ greats Hie greater the 
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Resonance and the one- electron bond. While the prototype for the 
electron-pair bond is the Hg molecule, the prototype for bonding in the molecular 
orbital theory is the molecule. As we have seen in more detail in Volume I the 
reason for the strong attraction between an H atom and an ion (proton) is the 
resoTiance degeneracy that exists for the system, since the energy at large inter- 
nuclear distance is the same whether the electron is near the one or the other 
nucleus. For smaller distances we have in consequence a splitting of the Ls 
orbital into two orbitals Ug and one (o-g) having an energy below, the other 
(cr^) above that of the separated atoms. If the electron goes into the Og orbital a 
stable molecule results, if it goes into the cr^ orbital an unstable molecule results. 

The magnitude of the decrease or increase of energy of a molecular orbital 
when the internuclear distance changes depends on the degree of overlapping of 
the two atomic orbitals from which it is formed. Here it must be noted that in 
molecular orbital theory it is simply the overlap of two atomic orbitals that matters, 
while in the valence- bond theory it is the overlap of orbitals each filled with an 
unpaired electron and the consequent “exchange” interaction. This difference is 
made clearer if one considers that in the valence-bond theory the binding depends 
on the exchange integrals (III, 72) which contain the six coordinates of the two 
electrons in the bond, while here the term that determines the strength of the 
binding is the resonance integral 

R = \cpJ\)R<ps(l)dr (111,85) 

which depends on the three coordinates of one electron only. In other words the 
basic concept in the molecular orbital theory is the one-electron bond, not a two- 
electron bond as in the valence-bond theory. On the other hand each non-degen- 
erate molecular orbital can accommodate only two electrons with anti-parallel 
spin directions (because of the Pauli principle) and in this way the electron-pair 
concept enters the molecular orbital theory quite naturally. In contrast, in 
the valence-bond theory spin pairing comes in rather indirectly because it is the 
symmetric space function that corresponds to binding and it must be combined 
with an antisymmetric spin function (i.e. anti-parallel spins) to obey the require- 
ments of the Pauli principle. 

The resonance in is exact: whether at large internuclear distance the 
electron is with the one or the other proton the energy is the same and we have in 
the molecule the splitting into and as described above, each of w^hich contains 
equal amounts of the two atomic orbitals: the orbital function is in a fimt approxi- 
mation the sum or difference of the two atomic orbitals. If the two nuclei are 
unequal the atomic orbitals have different energies but on bringing the nuclei 
together they will still influence each other even though less than in the case of 
exact resonance. On account of this mutual interaction the upper of the two 
levels win be “pushed” upwards the lower one downwards. The orbital wave 
function is no longer simply the sum or difference of the two atomic orbitals but in 
a first approximation is givm by 
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In a higher approximation the eflfect of other orbitals must also be considered 
(see section 2, p. 300). 

It will be clear from these considerations that resonance is introduced here at a 
very early stage, i.e. as resonance between the individual orbitals, while in the 
valence-bond theory it is introduced almost as an after-thought as a resonance 
betw’een the valence states resulting from the theory. 

Contribution of ionic states. Another important difference between the 
valence- bond and molecular orbital theories lies in the treatment of the contri- 
butions of ionic states. In the valence-bond theory the normal w^ave functions do 
not contain any ionic contributions but ionic states are introduced in the process 
of resonance between different valence states. In the molecular orbital treatment 
ionic states are taken into account from the beginning and, in fact, are over- 
emphasized. This can be seen immediately if two electrons are placed into an 
orbital such as (III, 86). The wave function of the system is then 

= a^<PA{l)<PAm + hVB(l)9B(2) ... 

+ a^[9A(l)9Bm + 9>^(2)9 b (1)]* ^ ^ 

Here the first term on the right implies that both electrons are with A, that is, we 
have A " B , while the second term implies that both electrons are with nucleus B, 
that is, we have A‘*‘B", and only the third term represents true homopolar 
binding. 

According to (HI, 87) if the tw’o nuclei are separated there is a 
probability that two ions A~ -j-B'^orA'*' -fB“ arise w*hile only the remaining 
probability of 56*^0 leads to two neutral atoms A + B. In actual fact a 
dissociation of AB into ions requires in general much higher energy (for H 2 13 eV 
higher) than a dissociation into neutral atoms and therefore the former will 
certainly not occur when the nuclei are adiabatically separated. On the other 
hand the valence-bond method leads to dissociation into neutral atoms only. It 
represents therefore the much better approximation at large internuclear distances. 
But it does not give in such a natural way as does the molecular orbital theory the 
behavior for small distances. Another w^ay of describing the over-emphasis on 
ionic states by the molecular orbital method is by sa 3 dng that electron correlMion is 
neglected. Indeed much recent work on refinements of molecular orbital theory 
d^ls with the problem of properly introducing electron correlation, that is, the 
fact that the instantaneous field acting on a given electron deviates from the 
average (self-consistent) field used in the Hartree— Fock procedure [see, e.g. 
Lowdin (7^), Kraus (692), aementi (206)]. 


Delocalizatioo. One of the characteriBtics of the molecular orbital 

is that in geMiml all fflrbita& ®£tmd over iiie whole molecule; they are 
For «aia|de in Ae grwtnd state of (M4 molecule, we have in 
orMW apart fem la ^ec^rM» of 0, two 2% a^d six I/2 

^ oi wMch are spimd over the wi®fe mdteciifei whife in valence-fooiMi 
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theory there is a pair of electroas localized between each H atom and the central 
C atom and these pairs account for the four C — H bonds. On the other hand in 
molecular orbital theory the binding is produced collectively by the four electrons 
of the four H atoms and the four electrons of the C atom which fill together the 
and 1/2 orbitals. Each of these bonding orbitals contains equal contributions 
from all four H atoms. Accordingly, it is not possible to say that the electron of a 
particular H atom together with one from the C atom binds that particular H atom 
to the C atom; rather each electron coming from the H atoms contributes 
equally to all four C — H bonds. When an electron is excited it does not 
come from a particular H atom but from an orbital that extends over ail four H 
atoms. While this aspect of molecular orbital theory is an advantage for a 
discussion of excited electronic states it does not lend itself to a simple explanation 
of the observed constancy of C — H bond dissociation energies, distances, and force 
constants in a variety of molecules in their ground states. In contrast the valence- 
bond theory gives a simple and straightforward account of these facts. 


Charge distribution, population analysis. Another way of obtaining 
information in molecular orbital theory about the strengths of bonds is by con- 
sidering the electron density contributed by various orbitals throughout the 
molecule. Mulliken (911){915) who developed this approach called it electronic 
postulation analysis. The basic consideration underhung this approach is the 
following. The reason for homopolar attraction between two atoms, both in 
valence-bond and molecular orbital theory, is the fact that there is a greater 
density of electrons between the atoms than there would be if the undeformed 
atoms were simply superposed. The greater concentration of electrons between 
the two nuclei leads to an attraction between them. Conversely a depletion of 
electrons in this region leads to a repulsion. London's well-known pictures for 
the electron distribution in the and states of H 2 (Fig. 162 of Vol. I) 
illustrate this point. 

Let i/fi be one of the (normalized) molecular orbitals of a diatomic molecule 
which may be expressed [similar to (III, 86)] as a linear combination of (normalized) 
atomic orbitals <par and 9?i,s 

'f’i = Cir?>ar + (Ill, 88) 

Here a and b stand for the two different centers (nuclei) and r and s for the quantum 
numbers of the two atomic orbitals which in general will be different. According 
to the general rules of quantum mechanics the square of the wave function is the 
electron density p of an electron in the orbital If there are N(i) electrons in 
the orbital we have therefore 

p = = Nii)ic^arn9arf + (HI, 89) 

Integrating over the whole of space we obtain, sin<^ <p„ and are normalized 

N(i) = A(.)(4,)2 + (in, 90) 

where 

^art. = jVarViA-r 


is the overlap int^ral of Ihe two atomic orbitals. 


(HiLii) 
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According to (III, 90) the total population N(i) of the orbital (which for a 
non-degenerate orbital may be 0, 1 or 2) is resolved into three contributions: 
N{i){cir)^ and iV'(i)(c[,s )2 called the net atomic popvlations on atoms a and h and 
2 A {i WaAs^arbs Called the overlap population. It is clear that as the distance of the 
atoms increases, the overlap population decreases so that for large distances only 
the atomic populations remain. Conversely as the distance is decreased each 
atom gives up some of its electron population and contributes it to the overlap 
population thus giving rise to binding between the two atoms if the overlap 
population is positive or giving rise to repulsion if the overlap population is 
negative. 

As an example let us consider the H 2 molecule in its two lowest molecular 
orbitals 



(HI, 92) 

0(lcru) = V2(T 

(III, 93) 

5 = J <p{ls^)ip{lSi,)dT. 

(III, 94) 


Here the normalizing factors have been obtained from (III, 90) by putting 
4s = :tCar- With only one electron present the electron density according to 
(III, 89) is for the lowest (bonding) orbital 

P(lcrs) = 2(1 + 8) (in, 95) 

and for the next lowest (anti- bonding) orbital 

= 20^ [(9’{na))" + - jAs 9{i-^a)'pa-%h (in, 96) 

In each case the first term represents the net atomic population density which, for 
large internuclear distance R (i.e. S -> 0), approaches |[(9(l-^a))^ + (9(1'%))^] while 
the second term is the overlap population density. 

In Fig. 14:8a and b the quantities J[( 9 (laQ))^ -f (9(l-5j,))^] and 9(l«a)9(l'%) ^^r 
i? = 2 a.u. (= 1.06 A) are plotted in the form of contour diagrams for a plane 
going through the internuclear axis. The electron distribution (III, 95) for log is 
obtained by adding the values in Fig. 148a and b and multiplying by 1/(1 + >8) 
giving Fig. 148c, while the electron distribution (III, 96) for lo-^ is obtained by 
subtracting the values in Fig. 148b from those in Fig. 144a and multiplying by 
1/(1 — S) giving Fig. 148d. In Fig. 149 the variation of p(l^g) ®^®id p(lar,j) and of 
their components along the internuclear axis is shown. Both figures clearly show 
that, in the bonding orbital, electron density near the nuclei is taken away and 
put in between them while in the anti-bonding orbital electron density between tlm 
nudlei is taken away s^d acMed near th^. 
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Fio. 149. Variation of the electron distribution in the lOg and orbitals of 
along the axis of the molecule. The full-line curv^es give p{lcrg), and p{la^), the broken- 
line curves represent the component functions H(9(l^a))]° + (9>(l«d))®] aod (p{lsa)(p{lsb). The 
abscisBa scale is in atomic units. 


The total overlap population for loj, and lo-^ is 

respectively- Since, as is easily seen, 

2(1' + S) ' ” + + 2(1> S~) 

we can immediately verify, if we integrate over the whole space, that the electron 
population taken away from the free atoms (that is, the amount by which the 
first term in (III, 95) is reduced compared to the case w’^hen R = co and therefore 
= 0) is exactly equal to the overlap population. 

The importance of overlap populations for chemical binding becomes still 
clearer when we consider the formulae for the energies. From a simple perturba- 
tion calculation {me Vol. I, p. 362) one finds for the energy of Icr^, and referred to 
the energy of free H + at lai^e R: 


whm 


<M “b j-i \ 

1 + S = 1-8 

(Ill, 98) 

Baa = j<Paf^9t^r, 

(ni, 99a) 


(HI, 99b) 


"Brnm W m the poten&d energi' of the Iwo.M'dm.imA, Hi© as a fUBcttcm 
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of their mutual distances, taking the energy of the ground state of the system 
H + at large distance as zero. We can re-WTite (III. 98) as follows: 

(III, 100) 

If in (III, 99b) (which is always negative) is replaced by its average IF^v. we 
have 

^ab = (III, 101) 

w^here S is a positive constant w^hose value depends of course on R, Therefore 

= = H,, + a (III, 102) 

oc = 3 + Haa‘ 

The energy is thus the sum of a (small) Coulomb term w^hich is the same 
for lag and lo-y and represents the ordinary Coulomb interaction betw*een a proton 
and an H atom, and a resonance term which has opposite sign for the two states 
and depends on the degree of overlap of the two atomic orbitals. This latter term 
is the essential one in covalent binding according to molecular orbital theory. It 
is significant that this term is directly proportional to the overlap population in 
the two states lag and lo-^^, that is, the energy of attraction or repulsion is in a good 
approximation proportional to the overlap population. It is reasonable to suppose 
that this connection betwoen overlap population and bond energy applies in more 
complicated molecules as w’ell w^here the energy cannot be expressed by such 
simple formulae. Even in the simple case of H 2 the energy formulae used here 
are based on a very rough approximation since we have simply used linear com- 
binations of atomic orbitals for the molecular orbitals. 

In a polyatomic molecule the molecular orbitals are in general linear combina- 
tions of more than two atomic orbitals (see section 2). Therefore (III, 88) has to 
be replaced by 

= (111,103) 

a.r 

a sum that is extended over all atoms a,b,Cj. . . of the molecule and over various 

atomic orbitals r, s, Similar to (III, 90) the number of electrons in the orbital 

iffi is now expressed by 

N{i) = N{i)2 + mi) y (III, 104) 

a.r a.r 

b,s 

where as before S^rbs is defined by (III, 91). 

The first term in (III, 104) represents the net atomic population 
resolved into partial net atomic populations 

n{i; a, r) = N{i){ci„f 
ocmtaibated by eadi orbital r, «, — of each atom «, 6, c, 'Oie socoimI term of 


. It may be 

(in, 105 ) 



384 


BUILDING-UP PRINCIPLES 


III, 3 


(III, 104) represeats the overlap population, which gives a good indication of 
covalent bond strength in the molecule. It may be resolved into partial overlap 
populations 

n(i\ ar, U) = ‘^N(i)c^aAs^aTbs 1 ^^) 

corresponding to contributions by pairs of orbitals of pairs of atoms. If we sum 
over all the orbitals of a given pair of atoms (a, b) we get 

n{i\ a, 6) == 2 

r.s 

The contribution of a given pair of atomic orbitals may be positive or negative 
giving a positive or negative contribution to the binding between the two atoms. 

For some purposes a breakdown of the electron population of the molecule 
into gross atomic popvlcitions is useful even though somewhat arbitrary [Mulliken 
(911)]. In this approach all of the electron density is assigned either to one or to 
another atom. Since the overlap population is symmetrically related to the two 
atoms between which the overlap takes place, one assigns half of it to each of the 
two atoms, that is, one defines as the partial gross population of atom a, in a 
molecular orbital due to atomic orbital 9 ^^, 

N{i; a, r) = + iV(i )f Arts (HI, 108) 

and correspondingly as the sub- total gross population of atom a in molecular 
orbital 

N{i\ a) = 2 

r 

and the total gross population on atom a 

N(a) = 2 -V(i; a) = 2 2 ^0) 

i i r 

The total gross population in orbital 

iV'Ci) = 2-V(i;o) (HI, 111) 

a 

must be integral as long as configuration interaction is neglected. The total gross 
population in atomic orbital 9 ^^ due to all molecidar orbitals 

N{a,r) = '2N(i;a,r) (111,112) 

i 

need not be integral. As an example we quote Mulliken’s effective electron 
cxMifiguration for the two atoms in CO: 

Here the ecspoi»nte «e total gro^ atomic populatioiM r) for the r^pective 

atomic cwrbifeifc, 

fdbtei apfiicaiibti rf efecfaroe popola^m d mgtl es is in tlie ’(^>cola- 
tkm of llte /orrea eta indivklnal nuclei of a molecule. Tliwe a*e the vwtor 
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sum of the repulsion by the other nuclei and the attractive forces of the electronic 
charge distribution. With the help of the Hellmann-Feynnian theorem Bader 
and Jones (84)(85)(86) have recently carried out detailed calculations of these 
forces using self-consistent wave functions and population densities fur a number 
of diatomic and polyatomic molecules. They call binding or anti-binding molecular 
orbitals those orbitals that when occupied by two electrons give a |M)sitive or 
negative contribution to the force of attraction between two nuclei. The con- 
dition that in the equilibrium position the resultant force must be zero, gives a 
very stringent test of the quality of the orbital functions. 

(p) Ground states 

The ground state of H2O. In order to illustrate the way in w'hich molecular 
orbital theory comes to conclusions about molecular stability let us now^ consider 
the ground states of a few' individual molecules. The molecular orbitals of a linear 
and a bent XH2 molecule have been discussed in section 2(b) and the order of the 
orbitals is given in Figs. 120 and 123. For a linear conformation the two H atom 
I5 orbitals form the non-localized orbitals and while the "2p orbital of the X 
atom forms a and a rr^ molecular orbital. The two orbitals (one from 
Lsh — 1%, the other from 2px), since they are close in energy, interact strongly 
(‘"resonate”) and in the molecule form tw’o orbitals of widely different energy: 
one, 1<T„, is bonding, the other, 2(7^^, is anti-bonding. The orbital from 2px has 
no other orbital in its neighborhood to interact with, and although eventually in 
the united atom according to Fig. 120 its energy goes down, it must for large 
separations of the nuclei be considered as a non-bonding orbital. Thus in the 
ground state of linear H2O with the electron configuration 

A^(2a,)2(laj2(l^J^ 

there are only tw'o bonding electrons. The 2or^ orbital is only very slightly bonding 
since the (yg2sQ orbital interacts only very slightly with (L$h + b%) because of 
their wide separation in energy; that is 2o-g is, even in the molecule, essentially 

Og2SQ. 

For a non-linear, but symmetrical conformation of the three atoms (point 
group C2y) the two H atom Is orbitals form the non-localized orbitals and 63 
while the 2p orbital of the 0 atom forms the orbitals ctj, 61, 63 (see Fig. 123). 
Now we have two resonating pairs of orbitals «i(l% + and 

52(1<5 h ~ 1%) rise to the two pairs of molecular orbitals 3^1, 4a j 

and 162, 262- One of each pair is a bonding orbital {3«i and I62) w hile the other is 
an anti-bonding orbital (4ai and 262). The third orbital, Ibi, arising from the 
2pq atomic orbital is non-bonding or only slightly bonding since there is no other 
orbital of the same species near-by with which it can interact. Thus in the 
ground state of bent H2O with the electron configuration 

th«re are four bonding electroiis. According to the rough rule of thumb iweviously 
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given one would therefore expect bent H2O to be more stable than linear H2O; 
here just as in the valence-bond method there are four electrons that produce the 
binding, but now the four electrons are spread over the whole molecule. Just as 
in the valence-bond method there is a lone pair of electrons, namely the two 
electrons in the Ib^ orbital. 

One may of course argue that the bonding power of the two bonding electrons 
in linear H2O could be higher than the bonding powder of the four electrons in bent 
H2O. That this is not so may be seen from the following rough mathematical 
formulation of the preceding qualitative considerations. It must be kept in 
mind, however, that small neglects may have a considerable effect on the calculated 
energy differences of conformations with different angles since the energy differences 
are in general fairly small (of the order of 1 eV). 

The mathematical form of the four orbital wave functions 3ai, 4ai, lb 2 , 2b 2 
can immediately be WTitten in the approximation that uses linear combinations of 
atomic orbitals; they are 




(HI. 113) 


^ 5 ( 162 ) = <l ’5 + l^e 

= -fujia + if/e 


(III, 114) 


where 1^3 = ^4 = 0,(1%. + 1 «h.), and >jie = 62(1sh. - Isg.). 

These molecular orbitals are essentially the same as those in eq. (Ill, 9) except that 
the interaction with the orbitals Is and 2s of the 0 atom has been neglected and 
that normalization factors have been omitted. The secular equation for the first 
pair of orbitals, ^3 and ^4, is 


-^34 ~ ^ 


and for the second pair, ^5 and ^g. 


Ep — E if 58 

-^56 ^ 


(III, 115) 


(HI, 116) 


Here E^ and E^ are the energies of the 2po and Is^ electrons in the free atoms and 


Has = j^sH^gdr, (in, 117) 

H being the interaction Hamiltonian of the three atoms at finite distances. 

If the angle between the OH direction and the z-ax® is a, it is r^tdily shown 
[aee Contec» (7)] that 


(III, 118) 

wh^ is tl:^ resonance integral between an O atom 2p orbital and an H atom 
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Is orbital when the axis of the 2p orbital is directed toward the H atom. Solving 
now the eqs. (Ill, 115) and (III, 116) after substitution of (ill. 118) we find 


E, 


i{E, + E„) ± - Ejtf + 16PSh eos" « 

UE, + £h) 




+ 


16)8? 


(III. 119) 


’OH ' 


± iy{Ep 

If we fill the lower of each of these pairs of orbitals (i.e. ^3 and ^5) with four 
electrons we obtain for the energy of the ground state (relative to that of the 
separated atoms) 


E = 2Ea + 2E^ = 2(E^ + E^) - V(E^ - E^f + 16^^ cos? « 

- 


-f 16j5§h ce. 


(Ill, 120) 


Thus according to this 


This expression has a minimum value for a = 45' 
approximate molecular orbital treatment 
the most stable configuration of H2O r 
corresponds to an H — 0 — H angle of 90° in ! 
complete agreement with the elementary 
form of the valence-bond theory. 

In Fig. 150 the variation of the energy 
of the orbitals 1^3 and 1^5 with angle a 
is shown graphically as well as the vari- 
ation of the total energy E = 2{E2 4-^5). 

In this approximation for a = 

45°. Figure 150 gives the justification 
for the way in which in the Walsh diagram. 

Fig. 125, the 3a ^ and I62 orbitals have 
been drawn. Figure 125 corresponds to 
the right-hand part of Fig. 150 from 45° 
to 90°. Once the Walsh diagram is accep- 
ted the structure of other XH2 molecules 
in their ground and low excited states is 
readily predicted. 

Ellison and Shull (353) have carried 
out a detailed treatment of the ground 
state of H2O according to the LCAO 
self-consistent field molecular orbital 
method including all the orbitals given 
in eq, (III, 9) above. They have obtained 

the coefficients in the linear combinations as w^ell as the energies of the orbitals 
and of the molecule as a whole for various assumed H — 0 — H angles but a fixed 
OH distance equal to the observed value. In Table 41 we reproduce their results 
for the coefficients for an angle of 105°. It is not surprising to find that the con- 
tributions of ^4(1%' + 1%-) and ^{2pzo) to ^i(lai) are negligible. On the other 
hand the contribution of ^2(2^0) to the bonding orbital is wmptrahte to 



Fxg. 150. Orbital energies, £3 and 
£ 5 , and molecular energy £ = 2(£3 -f 
£ 5 ) of an XH 2 molecule as a function 
of the HXH angle 2a. The scale for E 
is twice that for £3 and £5. 
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that of ^3(2 j 3 ^o) and + 1%") contrary to expectation by the elementary 

treatment aboye. In other words, there is a considerable amount of 2s — 2 p 
mixing. The contributions of ^4(1%' + 1%") and 

of ipi(ls 0 ) to ^3(3^1) are small but not negligible. The calculated total energy has 
a minimum for an angle of 120° which deviates by 15° from the true value 105°. 


Table 41. Coefficients of atomic okbitals in the molecxjlab orbitals of 
H 2 O in the self-consistent field treatment of Ellison and Shull (353) for 
AN H — 0 — H BOND ANGLE OF 105° [COMPARE EQ. (Ill, 9)] 


Molecular 

orbital 



Coefficient of atomic orbitals 



</'i 

ai(lso) 

^2 

ai( 2 so) 

h ^4 

ai(IPzo) ai 

(1%'+ 1%") 

ips 4'e 

62 ( 2 ^ 5 , 0 ) 62 

( 1 %.- ISh-) 

bii^ipxo) 


1.0002 

0.0163 

0.0024 

- 0.0033 

— 

— 

— 

ifiiCZai) 

1 -0.0286 

0.8450 

0.1328 

0.1781 

— 

— 

— 

1 ^ 3 ( 301 ) 

-0.0258 

-0.4601 

0.8277 

0.3341 

— 

— 

— 


1 -0.086 

-0.833 

-0.642 

1.061 

— 

— 

— 


— 

— 

— 

— 

0.5428 

0.7759 

— 

•lSe(26j) 

— 

— 

— 

— 

-1.013 

1.230 

— 


i 

— 

— 

— 

— 

— 

1.000 


* The orbitals marked by an asterisk are not occupied in the ground state. The numbering is the same as in 
eq. (HI. 9). 


This discrepancy must be ascribed to the fact that the total energy is a very large 
quantity and the change of energy with angle is only 0.13 per cent of the total 
energy. Therefore as already emphasized very minor neglects can have a large 
effect on the calculated angle. 

For an appreciation of the w’ay in which molecular orbital theory yields 
information about molecular stability and valence it is instructive to consider the 
overlap populations in H2O evaluated by MuUiken (911) from the orbital coefficients 
of EUison and Shull. They are reproduced in Table 42. CJonsidering first the 
total overlap population (last column of Table 42) one sees that the main contribu- 
tions are from the orbitals 2^1 and l^g. The partial overlap populations show that 
the overlap in is mainly due to the overlap of 2^0 with the symmetrical combina- 
tion of the two hydrogen Is orbitals w'hile the overlap population in lb 2 is due 
entirely to the overlap of 2pyo file antisymmetric combination of the Ish 
orbitals, which, incidentally, betw'een themselves have a rather large negative 
ovwlap implying strong repulsion. It should however be noted that the positive 
oonliitKitioc of the overlap of 2 sq and 1%' -f Is^' to 2ai is balanoed by a very 
«»§« amtribution to so that the total contribution of the (2^0; 

1%^ 4* 0 v«^p k quite amafi (last line of Table 452), 'On the other hand the 

of + 1%^) w large m m the TOiitebutiai of 1%' ■“ 1%^)- 

'Riw the in whicii oidy 2pj^ and 2p^ 
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Table 42. Overlap populations in the ground state of HgO according to Mulliken 
(911) BASED ON THE SELF-CONSISTENT FIELD TREATMENT OF ElLISON AND 8hULL (353) 


Molecular 

orbital 

Partial overlap population n(i; ar, bs) | 

Total ' 
overlap 
popula- , 
tion I 

ai(l«o; 

ISh- + 1«H') 

l^H' 'I' 1%.) 

62(2pj,o; 

(!%•; 

1 «H-) 


-0.0012 

0.000 

0.000 



0.000 

-0.001 : 


-0.0018 

0.419 

0.028 

— 

0.024 

+ 0.469 ' 

^3(30i) 

-0.0030 

-0,432 

0.332 

— 

0.084 

-0.019 ; 

<^5(162) 

— 

— 

— 

0.658 

-0.450 

+ 0.208 i 


— 

— 

~ 

~ 

— 

0.000 j 

n(ar, bs) 

-0.0060 

-0.013 

0.360 

0.658 

-0.342 

n= 0.657i 


were used are not invalidated. For comparison with the total overlap population 
in H2O, that is, n = 0.657, we note that the overlap population in H2 is 0.858. 

Finally in Table 43 the contributions of the individual atomic orbitals to the 
gross atomic populations are given for the orbitals of H2O that are occupied in the 
ground state. As it should be, the total gross population N{i ) in each molecular 
orbital comes out to be close to 2.0. The gross populations of the individual 
atomic orbitals N{a, r) are not all 2.0. We can write, as above for CO. an effective 
electron configuration in the ground state of H2O as follows: 

According to this the total electronic charge on the 0 atom is 8.35 while on the 
two H atoms it is 1.65; in other words HgO is ionic to the extent of 0.35 electronic 
charges. In spite of the increased charge on 0, the 2.s‘ orbital has a charge less 
than normal while 2p has appreciably more. This ma}- be taken as an indication 
of 2s — 2p hybridization in H2O. 


Table 43. Gross atomic populations in H2O according to Mulliken {911) 


Molecular 

orbital 

Partial populations N(i; a, r) 

Gro^ atomic 
populations 
N{i;0) Nii;B.2) 

N{i) 

1^0 

2^0 


2PyO 

2pxo 

1%' + 1%" 

1%. - 1%. 


2.0002 

0.0005 

0.0000 

— 

— 

-0.0005 

— 

2.0007 - 0.0005 

2.CKK) 


0.0008 

1.638 

0.049 

— 

— 

0.309 

— 

1.688 0.309 

1.997 


-0.0001 

0.209 

1.534 

__ 

— 

0.257 

__ 

1.743 0.257 

2.000 

^6(143) 

— 

— 

— 

0.918 

— 

__ 

1.080 

0.918 1.080 

1.998 

#7(161) 

— 

— 

— 

•— 

2.000 

— 

— 

2.000 — 

2.000 









N(0) NfHa) 

N 

Nia,r) 

2.0009 

1.847 

1-583 

0.918 

2.000 

0.565 

l.WO 

= 8.349 = 1.645 = 

= 9.995 
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The ground state of NH3, The molecular orbitals of planar and non-planar 
XH3 molecules have been discussed in section 2{b) and the order of the orbitals 
was given in Fig. 127a and b. In planar XHg the e' orbital arising from the Is 
orbitals of the three H atoms resonates with the c' orbital from 2px and we obtain 
one strongly bonding and one strongly anti-bonding orbital (le' and 2e' respec- 
tively). The a[ orbital arising from 1% is slightly anti-bonding to the extent that 
it interacts with the a\ orbital from 2% which is slightly bonding; the al orbital 
from 2|)x is non- bonding. In the ground state of NHg assuming it to be planar 
the orbitals are filled up to (and including) laj (see Fig. 127a). Neglecting the 
slight bonding effect of the 2a\ orbital we therefore have four hording electrons. 

On the other hand in non-planar XH3 (Fig. 127b) both the species al and a[ go 
over into and we have therefore a pair of strongly resonating orbitals, one 
from l^H giving rise to one strongly bonding and one strongly 

anti- bonding orbital (Sai and 4ai). Compared to this strong interaction the effect 
of the 2ai orbital from 2sx t)® neglected since its energy is rather different. 
The two e orbitals from 1% and 2p;^ behave in the same way as e' in planar XH3. 
Thus in the ground state of non-planar NH3 we have the configuration 
(2ai)^{le)^(3ai)^ wdth six hording electrons. Because of the greater number of 
bonding electrons in the non-planar as compared to the planar conformation we 
may expect NH3 to be non-planar as is indeed observed. The Walsh diagram of 
Fig. 128 had already made this clear on the basis of a somewhat similar reasoning. 
A rough quantitative discussion similar to that for H2O (p. 387) would lead to the 
same result. The agreement of these predictions with experiment should how^ever 
not lead one to overlook the roughness of the approximation used and the effect 
which small neglected terms may have on the small energy differences between 
conformations of different angles. 


Table 44. Coefficients of atomic okbitals in the molectjlab orbitals of 
NH 3 IK THE self-consistent FIELD TREATMENT OF KaPLAN (656) FOR AN H — N — H 
ANGLE OF 106° 47' [compare eq. (Ill, 12)] 


Molecular 

orbital®' 


Coefficients of atomic orbitals 

,b 


ai(l%) 

4^2 

4f3 

®l(l%) 

^4 

<*i( 2 P 2 n) 


ipe 

e(l»a) 


+ 1.0001 

-0.0033 

-0.0013 

- 0.0020 

— 

— 


+ 0.0286 

+ 0.7591 

-0.2711 

+ 0.1616 

— 

— 


+ 0.0257 

-0.4418 

-0.2582 

+ 0.8956 

— 

— 


-0.1478 

+ 1.2773 

+ 1.5556 

+ 0.5527 

— 

— 


— 

— 

— 

— 

+ 0.6195 

+ 0.4860 


— 

— 

— 

— 

-1.1303 

+ 1.1938 


^ mM ly m sAisMt im »e«l ia tb® gn»M 

Mtoii is, ^ s«ae as is CHI, It) fi. 
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Detailed molecular orbital calculations of NH 3 according to the self-consistent 
field method have been carried out by Kaplan (656) and Duiiean (321). Petera 
(977) has used Kaplan and Duncan’s wave functions for a population analysis. 
Table 44 gives the coefficients of the atomic orbitals (see eq. Ill, 12) obtained 


Table 45. Overlap populations in the ground state of NH 3 according to 
Peters (977) based on the self-consistent field orbitals of Kaplan {55t>) 


Molecular 

orbital 

Partial overlap population®' n{i; ar, bs) 

Total 

overlap 

( !%;!%) 

(2%;15h) 

^ if Is * 1 ^ ) 

population 

n{i) 


- 0.003 
-0.003 

-f 0.609 
-0.338 

+ 0.040 
+ 0.212 

— +0.760 

+ 0.059 
+ 0.053 
-0.237 

0.000 
+ 0.705 
- 0.076 
+ 0.523 X 2 

n{ar, hs) 

- 0.006 

-t- 0.271 

+ 0.252 +1.520 

- 0.362 

n = 1.675 


a isjj stands for the three H atoms and implies, in the three Ci orbitals, i/sj of <111, 11 ) and, in th«' f orbital, or 
of (III, 11). 


by Kaplan and Table 45 the overlap populations derived from them by Peters. 
The H — N — H angle has been assumed to be 106* 47'. It is seen from Table 44 that 
there is considerable mixing of ad^-s^), Gi(1'!?h) «i(-Pjn)- Correspondingly the 

2 <Zi molecular orbital contributes much more to the overlap population (and then^- 
fore to the binding) than we expected above on the basis of qualitative considera- 
tions. There is a fairly strong contribution of ; Ls’h) to the overlap population 
in Sui but a negative contribution of ( 2 %; l^n), resulting somewhat unexpectedly 
in a small negative overlap population of the orbital as a whole. The le 
orbital, in agreement with expectation, has a large overlap population. 

The total overlap population in NH 3 summed over all occupied orbitals is 
1.675, i.e. more than twice as large as in H 2 O. Considering that the experimentally 
determined atomic heat of formation of NH 3 is only 26 per cent larger than that 
of H 2 O we must conclude that the total overlap population does not correlate 
linearly with the total binding energy. Calculation of the gross atomic populations 
in NH 3 yields the following representation of the ground state in terms of atomic 
orbitals 

Kaplan (656) has carried out self-consistent field calculations also for the 
planar form of NH 3 . While he does find that the pyramidal form has the lower 
energy the energy difference comes out to be 16 times the observed value. This 
somewhat disappointing result reflects the difficulty already mentioned of obtain- 
ing with sufficient accuracy the difference of two very large numbers, the total 
energies of the planar and non-planar fmma when each of th^e is mfluenc^ hj 
some of the neglects made in the calculations. 
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{a} (D) (c) 


Fig. 151. Correlation diagrams for the orbitals of CH 4 for three assumed structures 
of the nuclear frame (a) tetrahedron (T^), ( 6 ) distorted tetrahedron (Cg^), (c) plane 
square In each diagram tfie molecular orbital energies are at left, the energies of the 

atomic orbitals for large C-H distance at right. 

The ground state of CH4. From molecular orbital theory it is not as simple 
as from valence-bond theory to decide which conformation of the five atoms of 
methane would be the most stable one. Let us consider three possible structures: 
a regular tetrahedron (T^), a non-regular tetrahedron (C^v) and a square planar 
form In Fig. 151a, b, c the low’est orbitals for these three cases are shown. 

In the regular tetrahedral conformation the four Is^ orbitals form an /2 and 
orbital (see p. 321) while the "Isq and 2pc orbitals form and /2 respectively. 
The resonance between the two ai and the two /a orbitals leads to tw^o strongly 
bonding orbitals, 2ai and 1/^, and twu strongly anti-bonding orbitals, 3ai and 2/2; 
the 1^1 orbital (not shown) is essentially Lsc and therefore non-bonding. The 
eight outer electrons just till the two bonding orbitals, i.e. we have eight bonding 
electrons all of w hich of course are distributed over the w’hole molecule. 

If one H atom has a greater distance from the C atom than the others (point 
group €3^,), we have only and e orbitals as showm in Fig. 151b- Of these the 
orbitals 2a ^ and le are clearly bonding orbitals while and 4ai are non-bonding 
and 2€ and strongly anti-bonding. Thus there are in the ground state only six 
bonding electrons. The same applies to the square conformation (D^h) as shown 
by Fig. 151c. Thus according to the previous rule of thumb (p. 376) the regular 
tetrahedron gives the most stable conformation. 

It dboiild be noted that the eight bonding electrons in tetrahedral CH4 result 
here withcKit the a«iiiiplion of hyhrkikation. Indirod smTO tsc gives an 
orMW, m/3 orbital in the tetrahedral field they cannot interact for reasons of 
Wfwmmifj. Riitl^r ik m tl» fact that the« i»rboa orbitafe have the same sym- 
m the M hj 4 m^m 'which cai»wi a particnl»ly strong reeO'nance 
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and therefore the formation of two strongly bonding molecular orbitals. These 
bonding orbitals are just filled by the available electrons and thus give rise to a 
particularly stable conformation. A population analysis for CH^ lias not yet 
been made. 

Recently a very detailed treatment using contributioas of more than 
25 atomic orbitals has been carried out by Moccia (864) [see also Kraus (692 1 and 
Woznick (1321)]. The tetrahedral structure of CH4 is found to give the lowest 
energy. Moccia has also carried out similar calculations for HgO, NH3, SiH^ and 
related molecules. 

The ground state of COg. The order and correlation of the orbitals in 
linear XYg have been discussed earlier in connection with Fig. 121. The two 
orbitals o-g and <jy arising from the 2.$ orbitals of the two 0 atoms lie fairly low and 
may be assumed to interact only slightly with the other and <j„ orbitals [see 
MuUiken (892)]. But the o-g orbital arising from 2-5^ lies higher and interacts 
strongly with Ug from 2^30 + ^Pzo thus forming the bonding molecular orbital Aag 
and the anti-bonding orbital Similarly the orbital from - 2p,o 

resonates with from 2p^c forming another bonding -anti- bomling pair: and 

4or„; and finally the two orbitals arising from 2po + 2po and 2pc resonate giving 
rise to the bonding Itt^ and the anti-bonding 277^. The orbital arising from 
2pQ-2po, since it is the only one of its kind with n = 2. is non-bonding. 

In the ground state of CO2 the 16 electrons outside the K shell fill the orbitals 

up to iTTg’. 

(K)(K){K){3agn2aJ^{4^^^^^ (III. 121) 

Apart from non-bonding orbitals the bonding orbitals do-g, Itt^ are filled: we 
have eight bonding electrons, of which four are tt electrons. This is the same 
result as that of valence-bond theory (p. 365f). It is interesting to compare the 
form of the bonding orbitals in the two theories. For valence-bond theory they 
were given schematically in Fig. 146, for molecular orbital theory we may refer to 
the schematic representation in Fig. 122. The essential difference is that in 
molecular orbital theory all orbitals (both o- and tt) extend over the whole molecule. 
One component of the Itt^ orbital is in the plane of the paper (Fig. 122), the other 
in a plane perpendicular to it, and each is filled with two electrons. In contrast in 
valence-bond theory (Fig. 146b) the left w bond is made up of two electrons, one 
from C and one from Oj with a nodal plane in the xz plane w’hile the right tt bond 

Note that in Figs. 121 and 122, which apply to linear XYg, a strong interaction of the 
2 sy orbitals with 2^x assumed while the interaction of 2% with was considered as 
small, and therefore Sa^ was considered as bonding and 4ag as anti -bonding. In fact, of course, 
all three orbitals are mixed and the relative contributions to 4crg and Scg depend on the 
energy differences between 2sx> 9»3ad 2py. For C02» according to Mulligan (887) and 
Mulliken (892)(914), 3og has relatively little admixture of 2ac and thus is non-bonding. There- 
fore in Fig. 122 the bottom line should be separated off, and cry(2ax} should be combined with 
+ 2py) at the top. As a result in Fig. 121, if applied to CO 2 , 4^^ should show a 
downward bend corresponding to bondiing and dog an upward one eorr^ponding to anti-lx»diiig. 
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arises from two other electrons, one from C and one from On with a nodal plane in 
the yz plane, that is, the bonds are localized. This localization is, however, lifted 
by the resonance between the two opposite valence structures (see p. 368 ), an 
effect that in molecular orbital theory is taken into account from the beginning 
since we use molecular symmetry orbitals. 

If CO2 were bent the Ug and o-^ orbitals would go over into and 63 respectively 
while 7r„ would split into and into % + ^2* The orbital can now^ 

interact with 4a ^ (corresponding to 4crg) and will become a non-bonding orbital. 
Thus there are only six instead of eight bonding electrons and in a very rough 
approximation we may say that for this reason CO2 is linear. A more detailed 
discussion has been given b}" Walsh ( 1264 ). 

The ground state of C2H4. The order of the orbitals in planar C2H4 and 
their correlation with those of CH2 are given in the previous Fig, 132 . Each of 
the orbitals of CH2 splits in C2H4 into a bonding and an anti-bonding orbital (just 
as in H2^), the first without, the second with a node between the two C atoms. 
However, both members of the pair arising from 2 ai and of the pair arising from 
I62 of CH2 are filled in the ground state of C2H4 and therefore the net bonding 
action of these four orbitals is small. In fact the bonding and anti-bonding actions 
of 162 u and 153 g are probably very small since they come from an orbital (I62) of 
CH2 that is strongly C — H bonding and thus is likely to remain mainly concen- 
trated in the two CH2 groups. This is indicated in Fig. 132 by the fact that the 
energy of these orbitals changes very little w'hen the C — C distance is reduced. 
On the other hand the pairs of orbitals derived from Suj and Ib^ of CH2 are fairly 
widely split into a bonding and an anti-bonding orbital each, and only the bonding 
one in each pair, viz. 2ag and 16 yj^, is occupied in the ground state of C2H4. 

The tw’elve electrons outside the K shells of the C atoms fill all orbitals just up 
to 163^ (Fig. 132 ) and thus we have a net number of four C — C bonding electrons in 
agreement with elementary valence considerations. The ZUg bonding orbital arises 
from the 2p^ orbital of carbon and the tw'o electrons in this orbital therefore 
correspond to the a bond while the 163„ orbital w’hich is antisymmetric with respect 
to the plane of the molecule arises from the orbital of C and therefore the two 
electrons in this orbital represent the tt bond (sidew^ays overlap of the two 16 i 
electrons of the tw^o CH2 groups). The dCg orbital loses some of its bonding power 
on account of interaction with the 2ag orbital; but to the extent that it does, the 

orbital gains in bonding powder which is then no longer compensated by the 
anti-bonding power of 2bi^ and thus the net bonding power remains essentially the 
same. 

'niua we have a®umed the planar structure of - It is interesting 
to 8w what the stability would be if the two CH2 grou{B were assumed to have 
tfceir afc' r%lit angltw to «ich other (point group Figure 152 shows the 

of “p«fp«dwal»r’’ 'C2H4 in a simSar feshion to Fig. 132 for planar C2H4- 
tl» wUlA of CSa lalo im % (b«wiiiig) and (anti-boiading) orbital 

of '€^4 tatf«me€Kl»tals«€C2ll4- 'IMs 
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perp X2H4 2XH2 

Fig. 152 . Correlation of orbitals of perpendicular X2H4 of point group to those 
of XH2 and to those of the united molecule Zg. In the right-hand part of the diagran. the 
X— X distance, in the left-hand part the X— H distances increase from left to right. 


is because in the point group the orbitals 6i(CH2) + ^>i(CH2) and ^^(CHa) - 
fei(CH2) have the same energy, a conclusion that is immediately verified by con- 
sidering Fig. 153, which gives an end-on 


view of the orbital lobes for these two 
C2H4 orbitals. The same conclusion ap- 
plies to 52(CH2). Therefore the orbitals 
le and 2e of perpendicular C2H4 are essen- 
tially non-bonding although their mutual 
interaction will result in a small degree 




of bonding and anti-bonding character fio.isS. Schematic form of the two 


respectively. 

In the ground state of perpendicular 
C2H4 the orbitals are filled up to 2e 
which will contain two electrons yielding 
®^2 SIS lowest state (see Table 31). 
Thus there are only two C — bonding 
electrons (3ai) and therefore the perpen- 


orbitals of perpendicular C2H4 derived 
from the orbitals of the two CH2 
groups. The (w) orbitals are viewed 
along the C — C axis. The full lines refer to 
the lobes contributed by the CH2 group in 
front, the broken lin^ to that behind it. 
One diagram go^ over into the other by 
the operation showing that they are 
degenerate. 


dicular form is less stable than the planar form. There is no second C — C bond. 


{tt bond) formed from the Ibi electrons of CH2 as tiiere is in the planar form; or. 
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expressed in a different way, in the planar form w'e have maximum overlapping of 
the two hdCHa) orbitals while in the perpendicular form as shown by Fig. 153 there 
is an e(|ual amount of overlapping of lobes of the same sign (bonding) as of lobes of 
opposite sign (anti -bonding) and therefore effectively no bonding action of the 
SdC'Hs) orbitals. Thus from molecular orbital theory we expect a strong potential 
barrier hindering the rotation of the two CHa groups away from the planar con- 
formation; this is in agreement with experiment. 

In spite of the strong similarities in the explanations of the planarity of C2H4 
on the basis of valenee-bond and of molecular orbital theory an important difference 
should not lx* overlooked. In valenee-bond theory the tt bond is produced by the 
exchange between the two lone pair (p^) electrons, one on each CH2 group (see Fig. 
145b); in molecular orbital theory it is produced by the resonance between the two 
bi orbitals (which occurs irrespective of whether or not they are occupied) and the 
fact that the lower of the two resultant orbitals, 63^, is occupied by two electrons. 

It should ixrhaps be emphasized that, except for the 163^ orbital (which is 
exclusively C — C bonding since it has the molecular plane as a nodal plane), all 
other occupied orbitals have both C — H and C — C bonding (or anti-bonding) 
projxrties; for some, like Ib^g, the CH bonding properties predominate 

while for others like 2ag and the C — C bonding predominates. But all are 
whole -molecule (non -localized) orbitals. A population analysis which would 
allow one to be more specific with regard to the distribution of bonding properties 
has not yet been attempted. 

Saturation of valencies. The phenomenon of saturation of valencies is 
most easily visualized on the basis of the valence-bond theory. The understanding 
of this phenomenon on the basis of molecular orbital theory is not as clear-cut, but 
we shall try to illustrate it by a few examples. 

If iiistead of two CH2 groups as in the preceding discussion we bring together 
two H2O inolecuies with four more electrons it is clear from Fig. 132 that, if the 
symmetry of tlie resultant ’■molecule" is 02^. the four additional electrons will 
occupy in tlie lowest state the two anti-bonding orbitals 162^ and 36m. Thus there 
won id be a.s many anti- bonding as there are bonding electrons and therefore O2H4 
is not stable. The same result is obtained if the symmetry of the resulting molecule 
is Dza (see Fig. 152): there would be two bonding and tw'o anti -bonding electrons. 
For a lower assumed symmetry the result would be the same since bonding and 
anti-bonding orbitals are always formed in pairs and in the present case both 
would be occupied. 

If two NH-a groups are brought together symmetrically (either in point group 
or there wiH be two more bonding than anti- bonding electrons and so a 
sbi'bte moleeiile can ari®e m is indeed observed. Hmt in the ground state the 
has acfcimUy a lower symmetry k not so rwidily acwrding to the 
crtiM theory m it is according to the valenoe-bond theory [see Penney 
md Sutheria^ hut, m -enaplwsked earier, the energy differences between 

diSwent eonlEwmaiioMt w relatively smal. 
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It is equally difficult to see in a simple way from molecular orbital theory why 
molecules like Il2^ or H3O or either do not exist or have a relatively small 
energy of dissociation into H + HF, H + H + NH3; in other words, to see 
why the valency of F is saturated with one H atom, 0 with two, N with three H 
atoms. If in Fig. 123 nine electrons are put in the lowest orbitals the last electron 
has to go into the anti -bonding 4 ai orbital so that only a net number of three 
bonding electrons remains. On this basis stability of HsF would be possible; 
however its stability would be much less than that of H2O, particularly since 4ai 
is a very strongly anti-bonding orbital which correlates with a three- quantum state 
of the united atom. Therefore a small dissociation energy of HgF into H + HP 
is expected. No evidence for the existence of an H2F radical has yet been obtained. 
However, polymers of HF have been observed and their (moderate) stability is 
more readily accounted for on the basis of molecular orbital theory than on the 
basis of valence bond theory. 

Similarly, if in Fig. 127 nine electrons are put in the lowest orbitals of XH3 
the last electron must go into the anti-bonding orbital 4 ai (or Za^) and therefore 
the net number of bonding electrons is reduced. Because of the strongly anti- 
bonding property of 4 ai the bonding is probably weakened more than propor- 
tionately to the lowering of the net number of bonding electrons. This, combined 
with the high stability of H2O, makes the low stability of H3O understandable. 
Similar arguments would apply to NH4 or CH5. 

In general, valence-bond theory gives a more straightforvv'ard account of the 
saturation of valencies than does molecular orbital theory, but the latter theory is 
more readily adaptable to an explanation of exceptions to the classical valence 
rules such as the chemical stability of molecules with an odd number of electrons 
or of the fluorides of Xe and Kr recently observed. Whether molecules like NO, 
CIO2, NO2 or whether their dimers N2O2, CI2O4, N2O4 are chemically stable 
depends according to molecular orbital theory on the quantitative balance between 
the bonding and anti-bonding action of the molecular orbitals newly formed in the 
dimer. Without very detailed calculations it would be difficult to predict in a 
given case what the result of this balance would be. But if in the correlation 
diagrams the lines representing the various orbitals are adjusted to fit the observed 
facts in one or two cases they can be used for predictions in others. There is no 
necessary pairing of electrons from the component molecules of a dimer and there- 
fore the chemical stability of molecules with an odd number of electrons is much 
more easily understandable than according to valence- bond theory. 

The ground state of CsHg. In Fig. 154 the energies of the 2 s and 2 p orbitals 
of six carbon atoms and of the I5 orbitals of six hydrogen atoms are given at the 
left and the right for large separation and in the center for the actual conformation 
of the benzene molecule assuming Dqj^ s3mimetry. According to the methods 
previously explained (p. 328 ) the six 25 orbitals of the carbon atoms just as the six 
I5 orbitals of the hydrogen atoms give the orbitals c^ig, 61*^, and (in this order) . 
Their wave functions are ^milar to tho^ given in Fig. 136 except that Miey are 
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c C« CcHg Hg H 

Fig. 154. Correlation of orbitals of CgHs to those of the separated atoms. The 

orbital energies of six C atoms at large and medium distance are shown at left, those of six H 
atoms at right. The molecular orbitals of CeHe are shown in the center (assuming Dq^ sym- 
metry). Those that are mixtures of both H atom and C atom orbitals have widely different 
energies from those of the Cg and Hg groups and are connected by leading lines to all those 
zero -approximation orbitals that contribute to them (broken lines refer to minor contributions). 


symmetrical with respect to the plane of the molecule. The eighteen 2p orbitals 
of the carbon atoms give three groups of six orbitals, one derived from one 
from 2py and one from 2px where, for the purpose of this discussion, the rr, y, z 
axes are loc»l axes at each C atom, x directed to the center of the molecule, y in the 
plane and z perpendicular to it. It is easily seen that the six 2p^ orbitals give 
(TOe p. ^8) 

ccbitafe, tlie six 2p^ orbitals give (see Table 61, Appendix V) 

ji *t . 

aad w® ax ^ve 
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As shown by Fig. 136 the a 2 u orbital wave function of the first group has the same 
sign for adjacent C atoms and therefore leads to a positive overlap, that is, to 
strong bonding for all six C— C bonds. The same applies to the and 
molecular orbitals derived from 2py and 2p^ respectively. On the other hand in 
the h 2 g orbital of 2p^ (see Fig. 136) and similarly of 2py and of 2^^^ the wave 
function has opposite sign for adjacent C atoms leading to strong C — anti-lx>nding 
action. The degenerate orbitals are less bonding or anti-bonding. 

The group of orbitals arising from 2p^, since they have the same species as 
those from 2$, is mixed with them in the Cq molecule, that is, they are pushed 
upwards. The same applies to the orbital from 2py, while e^g being slightly 
C — C bonding is not much affected. The C5 — C bonding orbital 63^ (from 2py) is 
the only one of its kind in the valence shell and therefore not affected by any 
mixing. Rather it moves downward as the C atoms approach one another showing 
its bonding action. In Cg it is in all probability much below' the bonding orbitals 
from 2p^ (viz., and Cig) since the overlap is stronger for p orbitals in the plane 
if they have the same sign on adjacent atoms (see Fig. 122). 

In this w'ay w e obtain the order of the orbitals for Cg in the column to the left 
of center in Fig. 154. If now' the orbitals formed from Isg are introduced a further 
rearrangement of orbitals of type a^g, e 2 g and takes place as indicated in 
Fig. 154 in the column designated CgHg: ajg, and Csg pushed down 

because of mixing with the higher orbitals of the same species, which in turn are 
pushed up. The orbital 6iji(lsH) is pushed up because of mixing with 
w'hich lies comparatively high. The molecular orbitals derived from since 
they have different species, are not affected by this rearrangement. 

If now w'e fill the orbitals of CgHg with the 30 electrons (other than K electrons) 
present in the neutral molecule w'e see that in the ground state the orbitals are 
filled up to and including le^^ yielding a ^Aig state. The occupied orbitals mainly' 
responsible for C — C bonding are 2ei^, 2c2g and I62U corresponding to normal 
cr bonds and l^gu corresponding to tt bonds, while the orbitals mainly 

responsible for C — H bonding are Sctjg, 3ci„, Scog and 261^. However it must be 
realized that this distinction is not clear-cut since all orbitals are non-localized and 
most of them are mixtures of several atomic orbitals. Only the orbitals Cig, 
^2u> ^ 2 g derived from 2p^, and a 2 g, 63^ from 2py definitely^ do not contribute to C — H 
bonding. 

In the usual treatment of CsHg only the orbitals derived from 2p^ are con- 
sidered and the effect of the other orbitals is neglected (see p. 327f). Figure 154 
shows that it is somewhat of an accident that the orbitals 35i^ and 4€2g above 
the orbitals from 2^^ and not in the same energy r^ion. This r^ult has however 
been confirmed by the study of the ultraviolet spectrum of CgHg. 

A more detailed discussion of the effect of the electrons derived from the 2p^ 
electrons of carbon, also called umaturation ekcirom by Mulliken (896), shows 
that, since the orbitals are spread over tiae whole mofecule, a lowering of the 
energy compared to the case of three localized orbitals pla^ and aa a ccm- 
se-quence the interniudear ^distaaw is smalls than- ir«iM to Ae 
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of a single and a double bond. Coulson (237)(238) has defined a fractioTial bond 
order which when evalnated for CgHe gives a value of 1.67 for every C — C bond in 
this molecule. If, using this bond order, one interpolates between the C — C 
distances for a pure single, double and triple bond (C^Hg, C2H4 and C2H2) one 
predicts for C^Hs a bond length of 1.40 A which agrees very well with the 
experimental value of 1,397 A [Stoicheff (1164)]. 

We have seen previously (p. 327) that the two n orbitals which are filled in the 
ground state of CgHe, i.e, lagu and Icig, have energies Eq + 2/3 and Eq + 
Therefore the energy of the six v electrons is 

2{Eo + 2jS) + 4:(Eo + jS) - ^Eo + 8/3 (III, 122) 

where ^ is the resonance integral giving the interaction between two neighboring 
C atoms produced by the 2p^ electrons (all interactions between non-neighbors are 
neglected). Now, for an electron localized between two atoms a and b the wave 
function of a bonding orbital is in a first approximation ifs^ + a-nd according to 
(III, 98) (assuming >3 = 0 and putting ifab = fi) energy is Eq + /8. Thus for 
six localized electrons the energy would be %[Eq + /8). The effect of the delocaliza- 
tion is therefore a lowering of the energy by —2/3 (j8 is negative). It is this delocali- 
zation energy that corresponds to the resonance energy in valence- bond theory, 
that is, to — 1 .lOfiA (see p. 372). A rough theoretical value for — 2)3 is 40 kcal/mole 
[see Coulson (7)] which agrees quite satisfactorily with the observed resonance 
energy of 36.0 kcal/mole (see p. 372). In molecular orbital theory it is thus the 
fact that the 2p^ electrons become completely delocalized that causes the lowering 
of the energy and of the bond distance compared to the average of the values for 
single and double bonds. This state of affairs induced Lennard-Jones to caU the 
TT electrons fnobile electrons. In view of the fact that the a electrons are also 
delocalized we prefer the name unsoiuraiion electrons suggested by Mulliken. 

The study of tt electrons in other aromatic molecules has been of great value 
in the elucidation of their behavior. For a much more detailed discussion see the 
books of Coulson (7), Daudel (8), Hartmann (18), Streitwieser (39) and the review by 
Longuet-Higgins (765) as well as the recent papers by Hartmann (482) and Huch 
(1087). 

Conjugation and hyperconjugation. The effects of delocalization of the 
TT electrons in benzene represent an example of a more general phenomenon called 
cmjugaiuM. It occurs whenever in the elementary valence picture there are two 
or more double Iwnds separated by single bonds. In valence-bond theory the 
ol»erred effects of cxmjugation are accounted for by the assumption of resonance 
between different valence structures, in benzene between the two Kekule structures 
and tie tibiee Eteww strueturw (^ p. 371). In molecular orbital theory we do 
mot uae a definite vdtece stradiure but distribute the w dwstrons over the whole 
mdbcule imd obtain a of on ai:«Mmt of this ddoccdizcdion. 

W in HmMj ai whcfe-molecule orbitals, 
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conjugated systems form density distributions between the nuclei which can be 
interpreted in terms of a pair of electrons for each single bond while the tt electrons 
show quite a different distribution: in benzene, two more or less uniform rings of 
electronic charge above and below the plane of the six carbon nuclei. The average 
number of tt electrons between adjacent nuclei is one, not two. In this sense the 
TT electrons are more completely delocalized (or mobRs in the sense of Lennard- 
Jones) than the a electrons. 

The simplest example of conjugation is provided by butadiene 
HijC=M:5H--4DH===CH2 

in which we have two double bonds. The four tt electrons of the two double 
bonds, as in benzene, are not restricted to the immediate neighborhood of these 
double bonds but are delocalized, i.e. spread over the whole molecule. If we 
assume for butadiene the planar trans structure of point group €2111 which is 
strongly supported by spectroscopic evidence [see Marais, Sheppard and Stoicheff 
(797)], we see immediately that the four 2^^ orbitals of the four C atoms will 
form the molecular orbitals hg, hg since Ou and hg are the only species anti- 
symmetric to the plane of the molecule. According to Mulliken (896) the four 
orbital wave functions in the LCAO approximation are 

= 0.401(9i + 94) -f 0.582(92 + 93) 

^2 = 0.582(9 i - 94) + 0.401(92 - 93) 

^3 = 0.582(91 + 94 ) - 0.401(92 + 93) ^ ’ 

^4 = 0.401 (91 - 94 ) - 0.582(92 ~ 93 ) 

where 91 , 92 , 93 , 94 are 2^^ atomic orbitals at the four carbon atoms. The 
corresponding energies are 

Eo + 1.422^, Eo 4- 0.674j8, E^ ~ 0.674^, £*0 “ (HI, 124) 

respectively while without delocalization the energies would be 

Eq + ^, Eq + p, Eq — Eq — p. 

In the ground state the four electrons go into the two lowest orbitals and ^2 
and, in a first approximation, the energy is 4Eq + 4.192jS with, and 4Eq + 4/5 
without, the effect of delocalization. We see that the delocalization effect is much 
smaller in butadiene than in benzene. The effect increases with the number of 
conjugated double bonds and is particularly strong in cyclic polyenes [see Mulliken 
(897)]. In benzene as a consequence of conjugation, that is, of the delocalization 
of the TT electrons, aU C — C bonds are equivalent [ro(C — C) = 1.397 A]; in butadiene 
one would expect at least a partial approach to equality of the distances. Indeed 
the C — C single bond distance is observed to be 1.476 A [Marais, Sheppard and 
Stoicheff (797)] compared to the value 1.536 in CgHe; but no increase of the double 
bond distance has been found within 0.005 A. 

If triple bonds are conjugated as in diacetytoe amilar 

effects of delocalization arise. Here feerO' are e^t unsateafem ^ 
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difference from the elementary valence model is more pronounced than in butadiene. 
The C — C single bond distance is only 1.376 A [Callomon and Stoieheff (179)]. 

It was first recognized by Mulliken (897) that some delocalization may occur 
when a CH3 group is conjugated with a double or triple bond. This phenomenon 
is called hyperconjugaiion. The simplest case of this type is represented by 
methyl acetylene which may be vTitten 

that is, the three C— -H bonds of the CH3 group are conjugated with the C=C 
triple bond. The reason for delocalization, i.e. for a mild form of conjugation 
(called hyperconjugation), is easy to see: the three la orbitals of the three H atoms 
of CH3 form the molecular orbitals and e (see p. 302f). The e orbital interacts 
with the TT orbitals of the CfeC bond since w orbitals of linear molecules become e 
orbitals in molecules. Each component of e has a nodal plane through the 
axis of the molecule just as tt. As previously, the interaction of these orbitals of 
equal species leads to one orbital with louver and one with higher energy; to each of 
them both and C^C contribute, that is, the electrons in these two triple 

bonds are delocalized. Again, as a result of this delocalization the energy of the 
ground state is slightly lowered and the C — C single bond takes on partial triple 
bond characteristics. In agreement with this expectation the C — C single bond 
distance has been found to be only 1.459 A [Herzberg, Patat and Verleger (536), 
Herzberg and Stoieheff (541), Costain and Stoieheff (236)] compared to 1.536 for 
C2HQ. To be sure, there are additional causes for the bond shortening, other 
than hyperconjugation [see Coulson (7)]. 

In valence-bond theory hyperconjugation is accounted for by resonance of 
the normal valence structure with ionic structures and anomalous valence structures 
with one very long bond, for example, for methyl acetylene with the structures 

C—C^CH, C=C=CH, C=C=CH 

^ 

H, H, H2 

The explanation by molecular orbital theory seems more natural. Hyper- 
conjugation effects have been investigated in a large number of compounds. 
More details may be found in the books by Baker (2) and Dewar (9) and the review 
by Ham (465). 

Configuration int^nction. Up to now we have assumed that the ground 
0t»te of a Bttciecnale (or any of its excited states) can be de^bed by a single electron 
©.g. ^ gronmi state of H2O by 

. (HI, 125) 

'Oi© ©Iwtronie wav© fim<^ion of the moleaul© is a Slater determinant 
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(see p. 335) made up of the orbital wave functions occupied in the ground State- 
Even with the best molecular orbital wave functions, viz., the self- consistent field 
functions, the Slater determinant is only a fimt approximation to the true electronic 
wave function since it neglects the finer interaction of the electrons. As mentioned 
before (p. 378), the electron correlation produced by the Coulomb repulsion between 
electrons is largely neglected in the molecular orbital method and therefore the 
probability of finding tw^o (or more) electrons in the same element of volume is 
much larger than it would be if Coulomb repulsion were properly taken into 
account. 

In principle it is possible to take electron correlation fully into account if the 
interaction of states of different electron configuration (but of the same species) is 
included in the calculations. This conjiguraticm interaction, similar to the 
phenomenon of resonance in valence-bond theory, leads to a lowering of the energy 
of the ground state and at the same time to a modification of the electronic wave 
function corresponding to it. 

As an example consider the folio w'ing excited configurations of H 2 O that will 
give ^Ai states and wdll therefore interact with the ground state: 

(lai)2(2a,)2(162)2(3a,)(l6,)2{4a,) 

(lai)2(2a,)2(i6,)2(3a,)2(4a,)2 

(lai)2(2a,)2(162)2(16,)2(4a,)" (111,126) 

(la,)2(2a0"(162)(3ai)^(16i)2(262) 
(la,)2(2a,)2(i6,)2(3a,)2(262)2 
etc. etc. 

It is clear that configuration interaction with the lowest excited configurations 
(giving states of the correct symmetry) will be most important, How’ever, 
certain low-lying configurations can be eliminated according to a theorem b^" 
Brillouin w^hich states that, if the configmation considered differs from that of the 
ground state by a change of only one electron, then the configuration interaction 
between these two can be neglected to second order [see Kotani, Ohno and Kayama 
(690)]. Thus in the example of H 2 O the first and fourth configuration of the 
above list need not be considered for calculations up to second order. 

Configuration interaction has been introduced in calculations for a considerable 
number of diatomic molecules but up to now only for a few simple polyatomic 
molecules, e.g. H 2 O [McWeeny and Ohno (815)] and NH 3 [Kaplan (656)]. In 
these two cases the energy is lowered by 1.12 and 0.3 eV r^pectively compared to 
single determinant electronic wave functions. 

Configuration interaction is in general much more important for excited 
states because the interacting configurations are usually closer in energy. But the 
calculation of th^ effects is even more cumbersome. 

Free electron naocleL A drastac sunpllficatskm of nMlecolar wfeitEd 
approach has been discussed by Bayliss (103), Kuhn (700), Flatt (MO) awl 
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the review of Piatt (991)]. They assume tiiat the electrons, more particularly the tt 
eitx-trons in unsaturated compounds, can nio\ e freely within the confines of the molecule 
similar to electrons in a metal. A more detailed mathematical form was given to this 
model by RuedenbcTg and 8cherr {i089Kl090) and Ham and Ruedenberg (466). The 
free electron model is es|XH,‘ia!l\- useful for larger molecules which we are not including 
here. However, a brief fliscussion for a simple case may be in order. 

Consider the molecule hexatriene which is similar to butadiene previously discussed, 
but with three conjugated double bonds: 


H 


H 


H 


/ 

H C C C 

\ ^ \ \ \ 

C C C H 

/ I I 

H H H 


The 7 T orbitals in this molecule may be thought of as extending over the whole length 
of the carbon chain. In a very rough approximation we may consider simply the 
orbitals of a one-dimensional box as appropriate to the tt electrons. The first four 



Wm, im* 'free 'rfectr©® im liea»trl®iie Platt (^1). The 

ap]^^xiina;te jKWtitk»ns of tli® C atcMS relative to the orbital are ^own at bottom. 
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orbitals may be represented by the simple sinusoidal functions in Fig. 
corresponding energy values are 


E = 


155. The 
{III, 127) 


where n — 1, 2, 3, 4, w is the mass of the electron and I is the length of the box 
[for the effect of the width of the box see Ruedenberg and Scherr (1089)]. 

Since there are six tt electrons in the example, the orbitals n = 1, 2 and 3 are filled 
in the groimd state. The first excited state corresponds to the transition of an electron 
from n == 3 to ri = 4. It is immediately seen that the excitation energy would be 


F4 ~ E3 


Ih^ 


(III, 128) 


without any adjustable parameter. Substituting A, m and I and converting to cm“^, 
we find for this energy 30,000 cm~^ which, considering the roughness of the approxima« 
tion, agrees surprisingly well with the first observed absorption maximum at 39,750 
cm"^. 


For a general polyene with N carbon atoms and I = AV(C — C) one obtains for 
the excitation energy 


LE 


N + 1 

8m[r(C--C)]2 N^ 


(III, 129) 


In other w^ords the frequency of the longest -wavelength transition is inversely pro- 
portional to N in agreement with experiment. 


Molecules containing atoms of transition elements (so-called ligand- 
field theory). When d (or f) electrons are present in the central atom of an XY„ 
molecule or complex, more orbitals arise and the situation becomes more complex. 
However, there are some simplifying features in that the perturbation of the d (or/ ) 
orbitals by the molecule formation, i.e. by the presence of the ligands, is often 
slight and therefore the energies of the resultant molecular orbitals can be calculated 
more readily than is possible for p or s orbitals. This state of affairs has led, 
unfortunately in my opinion, to the introduction of a separate name, ligand- field 
theory, for molecular orbital theory as applied to atoms with d (or/) electrons 
In a first approximation one considers the ligand atoms to be negative ions 
with closed shells only and simply determines the orbitals of the central atoms in 
the field of these charges w^hich are assumed to be point-like. Inorganic chemists 
call this procedure crystal field theory but in fact it is precisely the same procedure 
as is applied in the early stages of molecular orbital theory (see section 2) w^hen the 
possible molecular orbitals arising from the atomic orbitals of a central atom are 

The energy formula follows either from a straightforward solution of the Schrodinger 
equation or, more simply, by applying the de Broglie relation = hjmv^ (where, from Fig. 
155, A„ = 2l[n) and forming E^ = 

Even if it were admitted that a separate name is durable it appears to me that the 
term ligand-field theory is rather poor since it fails to make the intended distinction, e.g., 
between CuCla and CCI 4 . It is not at all clear why the effect of the Cl atoms should be different 
in principle in one case from that in the other. In both casm they are the “ligands” whc«e 
field causes a splitting of the states of the central atom. But “ligemd-field theory” is xmv&t 
applied to (X 3 I 4 . The m«in feature of this theory, vise, that it is ocwcKwned with d (or/ ) etectrciis 
of liie omtral atoms, is not ex|«essed by ite name. In tins see ate> the mmmkB by 

J#ige©Ben (55la). 
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determined. For d orbitals, as long as the negative ions are not too close to the 
central atom, it is relatively easy to draw conclusions about the order and splitting 
of the resultant orbitals from the positions of the ions relative to the lobes of the d 
orbital functions. In Fig. 156 are shown the results of such considerations (see 
below) for a few point groups. The symmetry types of the resulting orbitals (just 



\ 


^ Olg 




i 




^«e/) ^ ^Zh 

Fig. 156. Splitting of a d orbital in fields of Ot, and symmetry. 

as previously for 2p or 2s orbitals) foUow immediately from Table 58, of Appendix 
IV. 

It is easily seen that in an octahedral or tetrahedral field the component 
orbitals and -y^ of Fig. 147 [see eq. (Ill, 84)] form the Cg (or e) orbital while 
^zx ^orm the/ag (or /a) orbital. If the octahedral field is produced by 
six negative point charges on the a*, y and z axes (which are the axes), it is 
immediately clear from Fig. 147 that the Cg orbital must have the higher energy 
since in it the electrons are closer to the negative point charges than in /gg. On 
the other hand in a tetrahedral field the four negative point charges producing it 
must be on the diagonal axes, not on the axes which form the x, y, z axes, 
and therefore the /g orbital formed by is higher tlian the e orbital. 

In a similar way the order of the orbitals for other point groups as shown in Fig. 
156 can be understood [for more details see Coulson (7), Orgel (28), McClure (805), 
Griffith (16) and BaHhausen (3)]. The over-all splitting is generally d^ignated A 
(c», in the older iitarature, lOJO,). 

ground state of the molecule (or ion) is obtained by filling the low^ 
orhilA of F%. with the availahk ^ectrons. It m much more frequent 

tee im larfMute without d etetrons, that Hie lowest elecfiun configuration 
pvw wmm to seTOral AteoBic slates whidb spread over a csortain ^ergy interval. 
As in alwMw® Icwert rf is in general iteteuMnei hy Humi% rule, that i% 
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the state of highest multipHcity lies lowest. When A is small it may even happen 
that a state with an excited electron conjfignration, since it can have higher multi- 
plicity, may give rise to the ground state (see below). 

Let us consider three simple examples. In linear CuClg, if following Hougen, 
Leroi and James (578), we assume it to have the ionic form Cu^'^’Cla , the 3d 
orbital of Cu^ ^ in the field of the two Cl' ions giv^ the molecular orbitals 3^, 

Cg (see Fig. 156). The nine electrons in the 3d shell fill Sg and Vg completely 
leaving one electron in the Ug orbital and giving rise to a ground state. In 
VCI4, assuming it to be tetrahedral in structure and of the ionic form V^'^Cl^ , 
the d orbital of splits into e and/g. Since only one 3d electron is present the 
ground state would be ^E. In the [Cr(H20)6]'^^ complex ion, if it has octahedral 
S 3 nnmetry and if the H 2 O groups are uncharged we have four 3d electrons on the 
central Cr'^'^ ion which can form the configuration {f^g)^ or (/ 2 j,)%. The low^t 
state of the first configuration is ^F^g that of the second ^Eg (see Table 31, p. 332). 
It is difficult to predict which of these is the ground state of the ion, but firom 
the spectrum it appears to be ^Fig of the configuration (/a^)^. 

Up to this point we have considered the modifications and splittings of the 
orbitals of a central atom (or ion) in the field of point-like charges. If the modify- 
ing forces of the crystal field are small, it is better to consider the modifications of 
the various states of the central atom rather than that of the orbitals, applying 
the rules previously discussed for the correlation between molecule and united 
atom (section la). This weak-field crystal field theory in many cases reproduces 
the observed data in a very satisfactorj" way [see McClure (805) and Ballhausen 
(3)]. However, when the fields are so strong that the splittings are comparable 
to the energy differences of states of the same electron configuration, the orbital des- 
cription is more appropriate (strong-field crystal field theory). Here the number of 
adjustable parameters is much larger and predictions are more difficult to make. 

A third stage arises when interactions with the orbitals of the ligand atoms 
are no longer negligible. Just as before in ordinary molecular orbital theory for 
%s and 2p orbitals, the hgand orbitals will mix with the X atom orbitals of the same 
species and, consequently, some will be shifted dowmwards, others upwards when 
the molecule is formed. This is the so-called ligand-field theory w^hich is really 
nothing other than molecular orbital theory applied to molecules wdth a central 
atom and having d or / electrons. 

Again let us illustrate the situation by a few examples. In Fig. 157 are given 
the energies of the orbitals of a linear XY 2 molecule (center) and their correlations 
with the orbitals of the separated X and Y atoms. The figure is similar to Fig. 121 
except that we are now including 3d orbitals of X and Y, and have drawn the 
orbitals of X on the left side of the diagram. Also we are amuming here that the 
3i? orbitals of Y lie below the 3d orbitals of X as would he the <mse if Y were an S 
or Cl atom (but not if it were an Na or Mg atom), llie Sd orbitals of the X atom 
give the molecular orbitals Cg, % and 3^ as before; but in the second approximaMon 
whidi we are now cottadering we must take acwunt of liie intera^ikm of ttos© 
orbitals with Aose derived ffiom the Y orbitals. Bins aad «Mirib 
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X XYg 2Y 

Fig. 157. Correlation of orbitals of linear XYg molecules to those of the separated 
atoms, including d orbitals, Next to the column at the extreme left are shown the orbital 
energies of the X atom in a field of symmetry. Similarly next to the column at the ex- 
treme right are shown the orbital energies of the two Y atoms in a field of Djcn symmetry. In 
the molecule (center) the orbital energies are further modified by mixing of orbitals of equal 
species. 

from 3 py push Cg and iTg from 3dx up while hg is unaffected. The resulting orbitals 
are shown in the center of Fig. 157. Using these orbitals we see that the ground 
states of CUCI 2 and similar molecules as w ell as the first excited states are unchanged 
compared to the more elementary treatment given earlier since the same three 
orbitals hg, -n-j,, Og are the outermost orbitals, but the energies (i.e. the splitting 
constants A) are changed considerably. Moreover the bonding in the molecule 
assumes some homopolar character: in CUCI 2 there is only one electron in the 
(slightly) anti-bonding <Tg orbital w'hile the corresponding bonding orbital cr^( 3 j 3 y) 
is fiUed. 

In NiClg with one electron less than CuClg the lowest electron configuration is 
which gives a state, but there is a slightly excited configuration SjTrJag 
which gives the states ^11^ and ^llg, of which the former will be the lower one and 
may ind^d be lower than the ^'Lg state. Actually the spectrum of free Ni^"^ 
Aows that the state of the configuration 3d® is the lowwt state (in agreement 
with Hund^s rale). This state can ^ve rise to the ®IIg molecular state but not to 
that stat^ of Hi'*"*' which mn give Be fairly high 

aoi tlwt the mteiacttcm eneigi® are am alb we must ©onciude that the 

®fl^ '^te « the pwfgi ^te 'CiC 
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As a further example let us consider a tetrahedral XY^ molecule. Figure 158 
shows the energies of the orbitals in the separated atoms and their probable modifi- 
cation in the molecule. It is similar to Fig. 129 except that now it is assumed that 
2d is the outermost occupied orbital of X and 3p of Y. The tls, tifi and 4s 
orbitals of the X atom give ai,/2, e 4- fa and molecular orbitals resix^etively 


“I 



X XY 4 4Y 

Fig. 158. Correlation of orbitals of tetrahedral XY 4 molecules to those of the 
separated atoms, including d orbitals. See caption of Fig. 157. 

(see Table 58). The four 3s orbitals of Y give -}- /g, and the four 3p orbitals giv^e 
cii -h fa + e -i- fi + fa molecular orbitals (see Table 61, Appendix V). Introducing 
now the interaction between orbitals of the same species we obtain the molecular 
orbitals given in the center of Fig. 158, Upim adding the electrons to these 
orbitals we see that the orbitals derived from Spy ''ill be filled up first, that is, the 
Y atoms will form somew'hat distorted negative ions. Thus, for example, for VCI4 
in its ground state we obtain the same electron configuration as before. However, 
aU orbitals except (derived from Spy) are somewhat shifted. If the interaction 
is strong the shifts may be much greater than shown in Fig. 158. At the same 
time the bonding and antibonding nature of the orbitals will make itself felt. In 
discussions of the binding usually only the a components of the Spy orbitals are 
considered which give and fz molecular orbitals. These together with the a 4 
and fz orbitals derived from 4^ and 3d of the central atom give bonding— anti- 
bonding pairs of orbitals. Since in the ground state only the bonding and fz 
orbitals are filled, we have a net bonding action (cr-bonding). It is clear firom Fig. 
158 that, in addition, of the fz and e orbitals (but not fi) aiisiog from tbe «• 

components of 3py can stircmgiy affect the bindmg they interact wiA fz 
and e of r^ulfang in ^-boadiii^* 
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Figure 158 can also be applied to tetrahedral complexes in which the Y atoms 
are replaced by H2O, ISiHs, CN"' and other groups. 

A diagram showing the energies of the orbitals in octahedral XYg molecules 
or ions having M electrons has already been given in Fig. 130. The six 2s orbitals 
of the Y atoms (ligands) give the molecular orbitals a^g + 4- /m as do the a 

components of the six 2p orbitals. The tt components of the latter give 
fig + flu + /ag + f 2 u Table 61). The effect of these tt components has been 
neglected in Fig. 130 in agreement with common practice in determining the 
molecular orbitals of XYq (center of Fig. 130), but the reader can easily derive 
qualitatively what the effects of these orbitals would be. In agreement with Fig. 
156 the order of the e and /a orbitals arising from 3dx is reversed in XYq compared 
to XY4. When, as assumed in Fig. 130, the 2py orbitals are lower than the 
orbitals, the interaction betv'een eg(2pY) and eg{3dx) causes the quantity A (see 
Fig, 156) to be somewhat larger than in the approximation in w4ich pointlike ions 
are assumed as ligands. Similarly the interaction of fiu{2pY) and ctig(2pY) with 
fiui^Px) causes the higher one of each pair to shift upwards, the lower 

one downwards, The/2g{3dx) orbital is not shifted by molecule formation as long 
as interaction with the n components of Spy is neglected. An example is the CoF| " 
ion in which six electrons occupy the /2g(3dx) and eg(3dx) orbitals. The ground 
state is either (f 2 gy or one of the triplet states of (f 2 g)^^g^ i-c*, ^J^ig or ^F 2 g- 

Both for tetrahedral and octahedral molecules consisting of atoms with d 
electrons, not infrequently an orbitally degenerate state may result as the ground 
state, for example for VCl^, for CoF|’“. In that case the Jahn-TeUer 
(vibronic) interaction (Chapter I, section 2) causes a splitting of the potential function 
in such a w^ay that the symmetrical position is no longer that of minimum energy. 
Van Vleck (1237) was the first to consider the effect of Jahn-Teller interactions in 
complex ions of the form XYg in w’hich the d shell is partially filled. Recent 
detailed discussions of this topic have been given by Opik and Pryce (950) and 
Ballhausen and Liehr (92) [see also Ballhausen (3)] while Weinstock and Goodman 
(1286) have treated corresponding effects in free XYq molecules. 

The magnitude of the energy difference A of the tw^o orbitals, e and /a or eg 
and arising from the 3d orbital of the central atom depends of course on the 
nature of the attached ions or groups of atoms. Empirically it is found [Tsuchida 
(1227)] that A increases for a given central atom in the series (called spectro- 
chamical seri^) 

I-, Br-,a-,F", C2H5OH, HaO, NHg. C2H4(NH2)2, NOa", CIST-. 

For A, as with ex'", the ground states always correspond to the lowest 
©(»%ii!mtion while for smaE A, as with I ~ , Br ” , . . . frequently the ground 
arwas from a Mighty exdted efeotron configuration if it mn give a state of 
(oompiyre tibe exMnple of NiCIa above). 

'CawwitoBafew® vwy wmilwr ttose im sysfeaoB with d electems appty to th(^ 
wlA/relwtewi, to -c ^taiaiiig wsm eartii Mnwia or atemas of toe 

group. Without- gon^ into details we mention only; owe wmpiicalang: 
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factor: spin-orbit coupling is in general for th^ elements. It is therefore 
necessary to consider the different multiplet components separately, i.e. to consider 
the species of spin-orbit functions which for even multiplicities are the repr^nta- 
tions of the extended point groups (s^ p. 337f). The modifications that arise 
compared to the treatment sketched above have been discussed by many authors 
[see, e.g. Griffith and Orgel (448), Eisenstein and Pryce (348), McClure (805), 
BaUhausen (3), Griffith (16), Dunn (325), Jorgensen (651)]. 

Another problem related to the preceding discussion is the existence of 
“sandwich” molecules made up of an atom with 3d electrons, like Fe or Cr, 
“sandmched” between two aromatic rings, C5H5 in ferrocene or CgHg in Cr(C0Hg)2 
and similarly in other molecules. Again the 3d orbitals have to be resolved 
according to the point group of the molecule and their interaction with molecular 
orbitals of the same species formed from the orbitals (usually the ir orbitals) of the 
two aromatic groups considered. Here the molecular orbital method is definitely 
superior to the valence-bond method which cannot account for the existenw of 
these molecules in a simple way. We shall, how^ever, not consider the details of 
the molecular orbital treatment of these molecules [see Coulson (7), Oigel (28), 
Cotton (6)]. 

Somewhat similar considerations apply also to molecules like B 2 H 6 , AI 2 CI 6 and 
others which have a bridge structure. Here the dominating feature is a three-center 
bond which fits quite naturally into molecular orbital theory but can only poorly be 
represented in valence -bond theory. 

Similarly the existence of stable molecules formed from Xe and fluorine is more 
readily accounted for on the basis of molecular orbital theory than by the \ alence-bond 
method [see Lohr and Lipscomb {759a) and Bilham and Linnett (118a)]. 

(y) Excited States 

For an understanding of the (electronic) ground states of polyatomic mole- 
cules, valence- bond theory and molecular orbital theory are probably of equal 
value. Some features are more readily understood by one theory, others more 
readily by the other theory. On the whole the tw^o theories supplement each 
other very well and, if higher and higher approximations are introduced, they lead 
even quantitatively to the same conclusions. Howwer, for a treatment of excited 
states the molecular orbital theory is unquestionably much superior and very few 
attempts have been made to treat excited states by the valence-bond method 
(see p. 375). 

In section 2 we have already considered the excited states of a number of 
molecules simply on the basis of the order of the orbitals without considering the 
problem of stability. We shall now consider this question of stability for excited 
states. 


Rydberg states. Every molecule has Rydberg states, that is, states in whicli 
one efectron has a princa|ml quantum numl)» m at least mm than in ti» 

ground state (see 'secficm 2). Binee » esaa t^ce all vatooi grmtar than a certain 
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we always have a series (Rydberg series) of such states. The stability of these 
states depends on the stability of the ground state (or low excited state) of the 
molecular ion obtained by removal of the electron in question, since an electron in 
a Rydberg orbital is in general a non-bonding electron: its orbital is large and does 
not deviate much from that of an atom. The stability of the ion depends on 
whether an electron is removed from a bonding, anti-bonding or non-bonding 
orbital of the ground state of the neutral molecule. In addition the possibility 
exists of a change of conformation in going from the neutral to the ionized 
molecule. 

Consider as an example the H2O molecule. Its ground state electron con- 
figuration was given in Table 33 (see also Table 41). The most loosely bound 
orbital occupied in the ground state is I61 which is non-bonding. Therefore the 
ground state of HgO with one electron removed from this orbital is expected to 
have nearly the same stability as HgO and the same would be expected to apply to 
those Rydberg states of HgO which converge to the ground state of HgO . The 
observed states [Price (1015), Johns (631)] conform to this expectation: the OH 
distance and the H — 0 — H angle as well as the vibrational frequencies differ only 
very slightly from the ground state values. As a consequence the 0 — 0 bands are 
by far the strongest bands in each of the band systems corresponding to transitions 
from the ground state to the Rydberg states. Similar remarks apply to the 
Rydberg states of H2S [Price (1015), Watanabe and Jursa (1274)]. 

In the CH3 radical in its ground state the most loosely bound occupied orbital 
is IU2'', but only one electron is present in it (see Fig. 127 and Table 39). It is a 
non-bonding electron since the molecule is planar. The orbital has a node in the 
molecular plane. In the ground state of CH3 this orbital is no longer occupied but 
ah bonding electrons are the same as in CH3. Therefore again we expect Rydberg 
states (see Table 40) with vibrational frequencies and rotational constants very 
similar to those of the ground state and this has indeed been found [Herzberg 
(521)]. On the other hand, in NH3 the situation is somew'hat different. Here 
there are tw^o electrons in the Iuq'' orbital (see Table 39) and, since in non-planar 
NH3 they are mixed with other bonding electrons, they actually cause NH3 to be 
non-planar in the ground state. However NH^ has the same electron configura- 
tion as CH3 and is therefore in all probability planar. Thus one expects NH3 to 
be planar in the Rydberg states and this has indeed been found for several of these 
states (see Chap. V, section 2a). The NH distance is only slightly larger than in the 
ground state, but because of the change of valence angle the out-of-plane bending 
vibration is strongly excited in transitions between the ground state and the 
Rydberg stat^ and consequently the Rydberg series are not very obvious in the 
^>c«3trum. Hie stretching vibrations are apparently not excited in the observed 
Rydberg feramaitioios and their frequencies are therefore presumably not very 
diffePMl tiie ground state values. Thus it is not surprising that the 
'd&Bociiittwi 'OMgy — H) of the ion m mmewhat Iwgw than D{NH2 — H) 

ti^ iwntel uMfcewte {anro I.F. (MHg) < I.F. (NUg), .see Foner and Hudson 
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A very different situation arises for example in Hc^e the last occupied 

orbital in the ground state is the I /2 orbital which is strongly bonding Fig. 129 
and p. 392). If one of the electrons in this orbital is removed the bond strength is 
greatly reduced. This is confirmed by the observation that it require.^ only 1.3 eV 
more to produce CHg from CH 4 than to produce CH 4 [i.e. ^(CHf + H) = 

1.3 eV]. The same small stability toward dissociation into CH3 4- H must be 
expected for the Rydberg states of CH4. As a consequence the equilibrium 
conformation in these states will deviate considerably from that of the ground 
state and will have much larger values; therefore in absorption from the ground 
state the unstable part of the potential surface is reached and only a continuous 
absorption spectrum is expected in agreement with observation. In fact no 
discrete electronic spectrum of CH 4 has been observed. 

Similar conclusions may be drawn for other fully saturated hydrocarbons like 
C 2 H 6 and CsHq for which also no discrete electronic spectra are known. However, 
the situation is quite different in a molecule like CH 3 I (and similarly C 2 H 5 I). In 
the formation of CH 3 I from CH 3 and I, the outermost ^ 2 " orbital of CH 3 becomes 
in Csy symmetry and interacts with from 5p. of I giving a C — I bonding and 
anti-bonding orbital. and ^Py of I remain unaffected (there is no tt bonding) 
forming a non-bonding e orbital of CH 3 I w hich will l:>e the highest filled orbital. 
If an electron is removed from this e orbital to form CH 3 I* the binding is not 
changed and therefore stable Rydberg states of neutral CH 3 I are expected w ith 
internuclear distances and vibrational frequencies similar to those of the ground 
state. The corresponding Rydberg series in the absorption sjK-etrum should 
therefore be simple and easily recognizable and this is indeed observed to be the 
case [see Chap. V, section 3b]. Since in the iodine atom the spin splitting of the 
ground state is large (0.94 eV), it is expected to be large also in CHsI^ as well as 
in the Rydberg states of CH 3 I, in agreement with observation. 

In C 2 H 4 the highest occupied orbital is I 63 U (see Fig. 132). It corresponds to 
the TT bond betw een the two C atoms. Removal of one electron from this orbital 
will w'eaken the C — C bond (three instead of four bonding electrons). Therefore 
w^e expect in the Rydberg states the equilibrium distance to be increased and the 
C — C frequency decreased. Both predictions are borne out by the observations on 
C 2 H 4 and C 2 H 4 (see Chap. V, section 4a) : each Rydberg transition is found to consist 
of a progression of bands in the C — C stretching vibration indicating a change 
in ro(C — C). The value of 1^2 Rydberg vstates is 1370 cm“^ compared to 

1623 cm ^ ^ in the ground state. As w^e have seen previously the w electrons (I 63 «) 
are mainly responsible for the stability of the planar conformation of C 2 H 4 . The 
removal of one of them means a considerable loc^ning of this rigidity. It is 
therefore not surprising that the torsional vibration is very substantially rednwd 
in frequency (from 1027 to 235 cm""^ in C 2 H 4 ) and that as a consequence this 
non-totally symmetric vibration is fairly strongly excited in the Rydberg trana- 
tions even though the molecule remains planar in the upper states. 

The ground state of the QqKq ion has one electron missing the 
orbital (see Fig. 164)' and is therefore a state. Ev« thoi^ » a 
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orbital [tt bonding) the removal of one electron from it does not change the total 
binding energy very much since there are still 17 bonding electrons (not counting 
those giving G— H bondisig). We expect therefore, in benzene, normal Rydberg 
series without much vibrational structure and these have indeed been found both 
for CgHe and CqDq [see Chap. section 10]. Of the four observed series, three 
have small RydlxTg corrections while one has a large one. Probably these series 
correspond to w/and ftp orbitals of the excited electron; 7id and ns do not give rise 
to states that can combine with the ground state. From Table 58 (Appendix IV) 
we see that an np orbital gives a 2 ^ + molecular orbitals of CgHe, wliile an 
«/ orbital gives + h^u + Ku + If each of these is combined in turn 

with the ground state of the ion (^E-ig) one obtains, in addition to states that do not 
combine with the ground state of CsHg, three and two states which do 
combine with the ground state. The observed four Rydberg series fit in very well 
witii this prediction but the observations are not sufficient to establish the species 
of the upper states. Some evidence for Jahn-Teller interaction in the upper states 
has been found but is not conclusive. Only three of the predicted states are ^E-^^ 
and only these can show Jahn-Teller effects. 

As already emphasized, series of Rydberg states arise not only by taking an 
electron from the most loosely bound orbital in the ground state to Rydberg 
orbitals but also by taking it from any other orbital occupied in the ground state. 
As before the stability of these Rydberg states depends on whether the particular 
orbital from which the electron is removed is bonding, non- bonding or anti- bonding. 
Such higher Rydberg series have been observed for a number of molecules, among 
others CO 2 , CS 2 , COS, N 2 O and CgHg (see Chap. V). 

For CO 2 , CS 2 and N 2 O the limits of the Rydberg series have been found to 
differ by amounts that are exactly equal to the known excitation energies of the 
ions CO 2 , CS 2 and N 20 '^ respectively. Most of the observed series consist of 
single bands indicating that in the excited states the molecule has the same structure 
as in the ground state, that is, a non-bonding electron is excited- This conclusion 
applies in particular to the CO 2 series corresponding to removal of an electron from 
the liTg and 3 <j„ orbitals (see Fig. 139). The 3 < 7 u orbital is usually considered to be 
slightly bonding but the evidence from the Rydberg series shows that its bonding 
power cannot be large. For CO 2 a Rydberg series has also been found [Tanaka and 
Ogaw^a (1191)] that corresponds to the removal of an electron from the Itt^ orbital, 
but here, in agreement with the strongly bonding character of Iw^, each member 
of the Rydberg series consists of a long progression in v[ showing that the equilib- 
rium position is greatly changed compared to the ground state. 

For C 0 H@ also, a secx>nd Rydberg limit has been found, namely at 11.49 eV, 
while the first one disciwed earlier occurs at 9.25 eV. It is very probable that the 
swwwi eoirrMpoiids to the removal of an electron rather than an 

etefifwi 135 and 154). The orbital is bonding Just as e^g, but in 

view of the large number of bcHiding el^jtroM, thare is no difficulty in iinderstanding 
th* oliMsrra’^^Mi of a aimple seri^ in spwfirum. The energy 'difference 

eV is of the order exp^ited for the two ^ electron orbitals and A third 
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Rydberg limit occurs at 16.84 eV. It corresponds probably to the removal of an 
electron from an or ezg orbital which participates in a bonding. 

Sub-Rydberg states. When an electron is taken from one low-l^dng 
orbital to another (without change of principal quantum number) the resulting 
states are called sub-Rydberg states. The distinction between Rydberg and sub- 
Rydberg states is not a sharp one since the principal quantum number is not well 
defined for the lower electronic states. Consequently some states may in one 
approximation be considered as Rydberg states, in another as sub- Rydberg states. 

While in a Rydberg state the excited orbital to which the electron is transferred 
from the ground state is always non- bonding, for sub- Rydberg states it may be 
bonding, non- bonding or anti- bonding. An important ease is that in w'hich the 
electron goes from a bonding to the corresjjonding anti- bonding orbital. As 
already mentioned (p. 349), excited states arising in this way have been called F 
states by Mulliken (893) if the multiplieit}" is the same as in the ground state. The 
prototype of such a V state is the B state of H2 in which an electron has been 
transferred from the lowest orbital to the corresponding anti-lx>ndiiig orbital 

(see Vol. I, p. 384). The corresponding triplet state, called T by Mulliken, is 
the well-known repulsive state arising from normal atoms. As we have seen 
in Volume I the B state of H2 is an “ionic" state corresponding to H * H " and a 
similar conclusion applies to many V states It is for that reason that F 
states are often stable in spite of the reduction in the number of bonding elect ron.s: 
but usually the equilibrium internuclear distances are eomsiderably larger than 
in the ground state. 

x\s an example of an excited V state in a polyatomic molecule we refer again 
(see p. 349) to the state of the C2H4 molecule in which one electron has been 
transferred from the orbital to the Ih^g orbital (Fig. 132). These two orbitals 
are a bonding — anti-bonding pair. The configuration (163y)(162g) gives the states 
of which the former has all the characteristics of a V state. Mulliken 
(895) has identified the F — iV transition of C2H4 with the strong broad absorption 
beginning at 2000A and having a maximum at 1750A (see Chap. V, section 4a). 
As expected the observed excited state is much less tightly bound than the 
ground state. In addition in the excited state the energy minimum should 
correspond to the perpendicular form of C2H4 in w^hich the CHg groups are rotated 
by 90° compared to the planar form (see p. 394f). While no direct spectroscopic 
evidence exists in confirmation of this theoretical conclusion, there is much indirect 
evidence to support it [see Mulliken (889)]. 

If a molecule has conjugated double bonds several V states ari». For example 
in trans-butadiene (see p. 401) we have the four orbitals (III, 123) arising from 2|)^ 
atomic orbitals. The ground state is 

N: (in, 130) 

It is mteresting to note that in imitad atom apjfwmxiiiiMkm the ha® 

c<Hi%iiratioii ls(r2p<r 'and ia%lit be conriderod m a rt«t© with » = S. 
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There are four excited states ( V states) involving the tt orbitals 

yi- i^s) 

Ts: (^iW2)(^4) 

I'a- (^i) 


(III, 131) 


which correspond to excitation of an electron from a bonding to an anti-bonding 
orbital From the orbital energies (III, 124) w^e get immediately the transition 
energies is negative) 

W-^N: -L348iS, V^-N: -2.096ft 

\\-N: -2.096ft V\-N: -2.844^ txxx, 


while without conjugation (i.e. without delocalization) all four transition energies 
w’oiild have been —2)3. Thus, on account of conjugation ih.^ first excited state is 
considerably stabilized, in fact relatively much more so than the ground state. 

The magnitude of the stabilization energy of the first excited state increases 
with the number of double bonds that are conjugated. At the same time it can 
be shown that the intensity is more and more concentrated in the Fi — iV transition 
unless it is forbidden by symmetry. In this way the color of organic dyes con- 
taining conjugated polyenes and its variation with the number of double bonds 
can be understood [MuUiken (896)(900)(901)]. Similar considerations apply to 
cyclic dienes and benzene [Muliiken (897) (898)], although for benzene the transition 
to the lowest excited singlet state is forbidden on account of the high symmetry 
(see p. 556). 

For molecules in w'hich hyper conjugation can arise (see p. 402) also the first 
excited state is stabilized. In fact it appears that the observation of such a 
stabilization would represent a strong indication for the presence of hyper- 
conjugation [see Muliiken (897)]. 

There are many cases in w hich excited states arise by transferring an electron 
from a non -bonding to an anti-bonding orbital. Such states are called Q states by 
Muliiken (893). Consider for example in H2O an electron taken from the 
non-bonding l^^ orbital, which in the ground state contains the “lone pair”, to 
the anti-bonding 4ai orbital (see Fig. 123). The latter orbital forms a bonding — 
anti-bonding pair with Sui which like 4ai is formed from the tw^o orbitals of H 
and the 2p orbital of 0. The state . . .(15i)(4ai) is therefore clearly much less 
stable than the ground state. It is probably the upper state of the continuous 
absorption of H2O which begins at 1800 A. From the point of view of the united 
atom, the 4a ^ orbital is a 3« Rydberg orbital (with a lai^ Rydbei^ correction) . 
Similarly in NH3 the first excited state is one in which an electron is transferred 
finom a ^htly bonding orbital, (see Fig. 127b), to an anti-bonding orbital 4ai. 

of of tie wave functions with that of 2ai the orbitals and 4ai 

do not lerai a imti-hoiidlng |^ir. Such a pair is formed by the le and 

but to feairfer of sm electron from Ic to 2e 
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Excited states in which an electron has been transferred from a bonding to a 
non-bonding orbital or from a l>ondmg to another bonding orbital occur frequently 
as low-lying states of free radicals. For example in NH2 whose ground state is 
. . . (3ai)^(16i) (see Fig. 123 and Table 33) the first excited state is 

formed by the transfer of an electron from the bonding to the non-bonding I61 
orbital. Since the energy of the latter is only slightly higher than that of the 
former the excitation energy is expected to be small and the stability not much 
less than that of the ground state; this is in agreement with observation (see Chap. 
V, section la). A similar conclusion applies to the first excited state ( lc')®( laj)^ 
of CH3 (see Table 39) which has however not yet been observed. 

The preceding discussion is perhaps sufficient to show how the general rules 
about stability on the basis of the molecular orbital method can be applied to 
excited states. The question of which geometrical configuration is the most stable 
in a given excited state can be answered in the same way as for the ground states, 
that is, by means of Walsh diagrams [see sub-section O) p. 387]. In this wa.y it is 
readily seen that, for example, HCO in the first excited state is linear while in the 
ground state it is bent or that HCN and C2H2 in their first excited states are bent. 
The reason why in C2H2 the trans-bent form and not the cis-bent form occurs is less 
easy to predict [see Ingold and King (6(X)) and MulJiken (914)]. 

In many molecules electronic excitation occurs frecpiently between orbitals that 
are at least approximately localized (i.e., locally orthogonal |. Transitions between 
such states are often described by a short-hand notation due to Kasha f 659 1 and others, 
in which <7 or tt stands for electrons that are bonding according to local svnuiiHtry, a* 
or TT* for those that are anti-bonding, and /< for those that are non-bondinir, i.e., 
‘done pairs”. In this notation the transitions of the groupings — C— C — , 

— C=C — become tt*— tt transitions; the far ultraviolet continua of aliphatic hydro- 
carbons are examples of a*—o transitions; and the near ultraviolet transitions of 
carbonyl compounds, e.g., the aldehydes and ketones, are of tt* — h type. 

Intensities of electronic transitions. In view of the large number of 
electronic states of polyatomic molecules it is important for the interpretation of 
the observed spectra to have some idea of the expected relative intensities of the 
predicted transitions. Such studies w^ere initiated by an extensive series of papers 
by Mulliken (894)(895)(896)(897)(898)(899)(900)(901)(902)(903). In order to pre- 
dict precise transition probabilities precise w ave functions of the states involved 
are needed and since in most cases such wave functions are not yet available, w e 
must be satisfied with very rough approximations. 

If we sum over all the component vibrational and rotational transitions from 
a given level m, v'*, J" we find for the electronic transition probability betw^een 
states n and m in absorption (see Vol. I, p. 382) 

Q 3 

= (111,133) 

where is the electronic transition moment 


(m. i3i) 
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For a transition to a continuous range of energy levels (corresponding to dissocia- 
tion, see Chap. IV) the summation must be replaced by appropriate integrals. 

The experimentally determined quantity is usually the absorption coejBficient 
il\, and its integral over the whole band system. It can be expressed in terms of 
the transition probability 1^^® following relation (see VoL I, p. 383) 

J kA = XAnMm = N^\RT\^. (Ill, 136) 

Frequently one uses instead of the transition probability the so-called oscillator 
strength /”” which is related to by 

/"”• = (III. 136) 

w here g and e are the mass and charge of the electron. For strong transitions 
is of the order of one (cf. the/ sum rule Vol. I, p. 383). The transition probability 
is related to the mean life of the molecule in the excited state before spon- 
taneous radiation of frequency occurs. One finds (see Vol. I, p. 21) 


- 1 I 


(III, 137) 


In this relation it is assumed that only one transition from the state n to lower 
states is possible. If several transitions are possible B^,^^ in (III, 137) must be 
replaced by 2m ^mn- Equations (III, 133-137) are WTitten for non-degenerate 
states; for degenerate states the degeneracies and must be introduced in the 
W'ay indicated in eqs. (I, 54-1, 56) of Vol. I (p. 21). 

Genuine Rydberg transitions are usually very strong, provided that NS = 0 
and that the transition is allow'ed by the symmetry rules. For the first member 
of such a series /"”* may be of order 1. Just as in an atomic Rydberg series 
the intensity drops with increasing n, but often at the series limit enough intensity 
is left that the adjoining continuous spectrum can be observed. If in the first 
member most of the intensity is concentrated in one band the peak absorption may 
have an absorption coefficient of the order 5000 cm~^ atm.~^, that is, at 1 atm. 
pressure a path length of only cm will reduce the incident intensity by a 
factor 1/e or, in other w^ords, at 1 m path a pressure of about 1.5 g. wdU have the 
same effect. An example is the first Rydberg transition of CH3I (see Fig. 102) 
whose strongest band at 201 1.6 A was found to appear at a pressure of only 10/x at a 
path of 10 cm [Herzberg and Scheibe (539)]. 

In contrast to the Rydberg transitions, for mc^t sub-Rydbei^ transitions the 
inteofiaty would vanisli if the molecule were separate into its (x)nstituent atoms. 
We Bmrt •yherefcMre expect ti»t sub-Rydbeig transitions arc in general quite weak. 
Howwtt*, it wiw fiwi Aown by Mulliken (894)(^5) that, as an exception to tMs 
mte, F — ' j!f tewwMttcwB csaa be expected to be <|ttifce strong, as strong as 

Rydberg Iransifcicw- IMa m bemuse the wave fonctioiis of a bonding -anti- 
irf etbi^ mm. pven by ^aafeas Hae {HI, amd tkm z competent 
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of the transition moment (z-axis in the direction of the bond) is therefore given by 


^ [j 93(U^)2 9(l«^)dr - J (III, 138) 


which in a rough approximation can be simplified to 






€r 


2v l ~ S^ 2V1 - S^ 


(in, 139) 


where and Zj, are the z-coordinates of the two nuclei and r is the internuclear 
distance. Since S is, in general, small compared to 1 (for not too small r), we see 
that for a F — xV transition i?”"* is of the order of ler and therefore the intensity of 
absorption of the order of that of a classically oscillating electron with amplitude 
|r w'hich is of the order of the intensity of a Rydberg transition. [Substituting |€r 
for E in (III, 133) and (III, 136) one finds with ^ 1CK>,(XJ0 cm'^ and r 10'® 
cm, / = 0.3. ] Since in a V — N transition the system goes from an atomic to an 
ionic state (e.g. HH->H+H') Mulliken has designated these transitions as charge- 
transfer spectra. 

When several F~iV transitions arise as in molecules with conjugated double- 
bonds it was found by Mulliken (S9()){S97}(9»M)):liOF that the V-X transition of 
smallest frequency has the highest intensity with an / value of order 1 (see p. 416) 
provided it is not forbidden by symmetry. 


(c) Intermolecular forces 

'When all normal valencies in a molecule are saturated there still remain weak 
forces of attraction between it and other equal or unequal molecules (or atoms). 
These forces are responsible for the condensation of the gas consisting of the 
molecules considered as well as in many eases for the formation of dimers, polymers 
or molecular complexes. There is not always a sharp distinction between these 
w'eak forces of interaction and the strong valence forces because, as we have seen, 
the concept of saturation of valencies is not a very^ precise one. In fact some of the 
w^eak attractions may be considered as due to imperfect saturation of valencies or 
residual valencies. On the other hand there are other w’eak attractions which, for 
all practical purposes, must be considered as genuine forces betw’een saturated 
molecules not related to imperfect saturations. These forces are usually” referred 
to as van der Wacds forces, since even in the absence of residual valence forces they” 
cause deviations from the ideal gas laws and produce the additional terms in the 
van der Waals equation for a real gas. 

Van der Waals forces. There are thiw contributions to van der Waals 
forces between saturated molecule. The first and usually most important con- 
tribution is made by the dispersion forces first re<M>gnized by London (761)(762). 
They have been discussed in some detjul in Volume I (p. 377) for atoms at iMge 
distances, particulaiiy inori gas atoms. The disperskm forc^ are due to tiie 
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perturbation of the ground state of the compound system consisting of two 
(saturated) atoms or molecules by all the higher electronic states that can combine 
with the ground state (just as for dispersion). 

A second contribution to van der Waals forces, associated with the names of 
Debye and Falkenhagen, is the induction effect. This contribution does not arise 
for the interaction between atoms but is important for the interaction between 
molecules. It is due to the electrical polarization of one molecule by the other 
which occurs when the molecules are not spherically symmetrical, i.e. have a dipole 
(or quadrapole) moment. The direction of the induced dipole moment is always 
such that an additional attraction results. Even for a large dipole moment this 
effect is small compared to the dispersion effect and it is almost always negligible 
when the dipole moment is zero. 

The third contribution is the arieTitation effect (Debye and Keesom) which 
arises for molecules with dipole moments by the direct interaction of their dipole 
moments. Depending on their mutual orientation two dipoles may attract or 
repel each other. A quantum theoretical treatment shows that only for the lowest 
rotational levels is the average of aU orientations such that an attraction (potential 
minimum) arises. Thus the orientation effect is strongly dependent on tempera- 
ture. 

To illustrate the relative magnitude of the three contributions to van der Waals 
interaction, Table 46 gives their relative values for a number of molecules as listed 


Table 46. Rbiative magnitxjue of induction and obientation 

EFFECTS COMPABED TO THE DISPERSION EFFECT IN SEVERAL SIMPLE 
MOLECULES AFTER HeLLMANN (19) 



HI 

HBr 

HCl 

NHa 

H2O 

dipole moment 

0.38 

0.78 

1.03 

1.47 

1.84 debye 

induction: dispersion 

0.0035 

0.018 

0.037 

0.085 

0.168 

orientation: dispersion 

0.0007 

0.028 

0.13 

0.72 

3.0 


by HeUmann (19) [see also Hirschfelder, Curtiss and Bird (23a)]. For all three 
contributions the potential energy can be written in a first approximation 

U(r) = - (in, 140) 

The first term repi^ente the repulsion due to valence forc^ at small distances r, 
ae«x»d repr^nlB the van der Waals interaction which predominate at large r. 
®ie cwwtJttit € m the sum of three wntributionB corr^pondiog to the dispersion, 
«oi effect, 

Wmk Ar betweeai two atoms or aris^ in every 

etectromc itotc at large disteacas, even when at analkr there is a strong 

vaJteee attraetikm. ' for two I&e moieculm in unlike Mbm b«»«we of 
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the resonance the term r“® in (III, 140) is replaced by that is, the attraction 
extends to greater r values (see Vol. I, p. 379). 

Van der Waais forces, particularly in excited states, are responsible for the 
pressure broadening of molecular lines. This broadening just like that of atomic 
lines can be fairly well represented at high pressures by the statistical tiieory (see 
Vol. I, p. 396). According to this theory in order to obtain the intensity distribu- 
tion in a pressure- broadened line one only needs to ascertain how much of the time, 
on the average, the molecules are at the various intermolecular distances and then 
apply the Franck-Condon principle to the transitions to the excited state from 
each of these positions. 

There are a few molecules such as NO and CIO 2 for which elementary valence 
theory indicates incomplete saturation of valences, yet van der Waais forces of 
the type discussed above represent the main intermolecular interaction in their 
ground states. 

Hydrogen bonding. During the last three decades it has been firmly 
established that under certain conditions a hydrogen atom bound to an atom in a 
given molecule can exert a weak attracting force on a second similar atom in 
another molecule. In other words, contrary to elementary valence concepts, a 
hydrogen atom can be bound to two atoms rather than to only one. Such a 
configuration is called a hydrogen bond or sometimes a hydrogen bridge. 

In recent years hydrogen bonds have become extremely im|>ortant fur an 
understanding of the structure of proteins and the nature of certain biological 
processes. Pauling (30) believes ‘‘that as the methods of structural chemistry are 
further applied to physiological problems it will be found that the significance of 
the hydrogen bond for physiology is greater than that of any otlier single structural 
feature”. A detailed summary of the present status of our knowledge of the 
hydrogen bond has been given by Pimentel and McClellan (33). 

The dimers of the fatty acids provide well-known examples of hydrogen bonds: 
e.g., the dimer of formic acid has been shown by spectroscopic and electron diffrac- 
tion studies to have the structure 

0— H- - 0 

/ \ 

H— C C— H (III, 141) 

\ / 

0--H— 0 

There are two hydrogen bonds: 0 — H O and 0 - • • - H — 0. The O • • ■ O dis- 
tance has been found to be about 2.69 A, considerably more than twice the O — H 
distance in the monomer which is 0.97 A, The binding energy of the dimer is 
about 13 kcal/mole [obtained both from the vapor density (Coolidge (225)) and 
from spectroscopically determined equilibrium data (Herman (510))], that is, 6.5 
kcal/mole are required to split each hydrogen bond. This value is of cour» very 
small compared to the OH bond dissociation energy but large compart to the 
dissociation energi^ of van der Waais molecule. It is inteiwting to note Itel 
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the deuterium bond is appreciably weaker than the hydrogen bond, the 0 ♦ • • 0 
distance being 2.80 A [CTostain and Srivastava (235)]. 

Another important example is the hydrogen bond in liquid water. Here we 
have chains of hydrogen bonds for example as follows 


H H H 

' '= h" s h" >. 

'o'' 

k A 


which account for the anomalously high boiling point of H 2 O compared to 
H2S, H^Se, HaTe. 

The simplest example of a hydrogen bond occurs in the (HF 2 ) ■■ ion which is 
now generally assumed to have the structure 

with a symmetrical position of the H atom. Here the F H distance is found 

to be 1.13 A compared to 0.92 A for free HF, and the dissociation energy into 
HF 4- F” is 27 kcal mole [see Cbulson (7)]. The F - -H bond in the (HF 2 )" ion 
is the strongest known hydrogen bond. 

It is clear that an understanding of the stability of the hydrogen bond is not 
possible on the basis of elementary valence theory. According to the valence-bond 

method a hydrogen atom, since it contri- 
butes only one electron, can take 
part in only one bond. PauKng (30) 
has therefore developed a purely electro- 
static theory of hydrogen bonding. A 
proton, since its radius is vanishingly 
small, can attract not only one but 
several negative ions (e.g. F"). It 

can approach two of these negative 
ions to a distance equal to their radius. 
But a third negative ion cannot approach 
the proton to the same distance, as is 
illustrated in Fig. 159. The stability 
of the (FHF)” ion may thus be under- 
stood as due to the stability of the 
ayislemi For large mtemuckar distoK»s ihe energy of the state 

4“ H*** -f F“ 1^- rwj h%h above that of ihe state F + H 4- F", but as the 
iatOTiidfear are rwiiieed awi mti^ractioa sets in, since both stat^ are of 

the same type the first- state will be pushed up, Mie second wiE foe pushed 

down by in the PauMng sense, to a mhm mwi beiorw the '®wgy of 



Fig. 169. Electrostatic explanation 
of hydrogen bonding in (FHF)-'. The 

circfes indicate the size of tbe charge 
ckmds of the F” ions; only two F” ions 
©» approach H + to within the radius of 
tibis cloud. 



m, 3 


STABILITY OF MOLECULAR ELECTRONIC STATES 


423 


FH + F". Thus in this interpretation the relatively large dissociation energy 
of (FHF)” into FH + F" is entirely the result of ionic- covalent resonance. It 
will be recalled that a similar resonance, according to Pauling, causes the dissocia- 
tion energy of HF to be larger than it would be if it were a purely covalent com- 
pound. For (FHF)", the covalent contribution is assumed to l>e zero. 

In a similar fashion the hydrogen bond betw'een two 0 atoms, e.g., in the formic 
acid dimer, can be ascribed to ionic-covalent resonance. Here the resonance is 
betwoen the states 

0- ■■H+. -.0 and 0 - H • 0 (111,142) 

The H ion attracts a neutral 0 atom bound to other atoms because the lone pair 
electrons protrude toward it [see Lennard-Jones and Pople (739)]. Therefore the 
first state in (III, 142), which is much higher than the second at large distances, is 
lowored considerably at smaller distances and mixes with the second state pushing 
it dowmw^ard and causing it to be stable. 

In addition to the two states just considered, a third one 

0-..- H- - O* " 

has also been suggested as contributing to the bonding. In this state one 0 atom 
is positively charged (instead of H) and is therefore trivalent. However calcula- 
tions by Coulson and Danielson (239) have showm that the contribution of this 
state to the ground state of the hydrogen-bonded system is only a few percent. 

A purely electrostatic contribution to the hydrogen bond due to the dipole 
moment of the OH bond and its effect on the charge cloud of the other 0 atom 
must also be considered [see Coulson (7), Lennard-dones and Pople (739)]. From 
a discussion of Coulson (7) it appears that the ionic-covalent resonance at least for 
the hydrogen-bond water ice gives the largest contribution. 

For the formic acid dimer there are two equivalent structures, that given by 
(III, 141) and 

0 - - H-O 

\ 

H— C C— H (III, 143) 

\ 

O-H • ■ 0 

These two structures will resonate in the same way as the tw^o Kdkule structures 
of benzene. Indeed, a part of the stability of the dimer may be accounted for in 
this way as was shown by Gillette and Sherman (422); but even w^hen the H atoms 
are in the most favorable positions (half-way between the 0 atoms) this resonance 
can at most account for half of the dissociation energy of the dimer [see Coulson (7)]. 

As already noted, the (FHF)" ion has the strongest hydrogen bond. On the 
basis of the electrostatic explanation one must expect that the strength decreases 
in the order F, 0, N, since the electron affinity goes down, and this is indeed 
observed. However, no hydrogen bonds have been oteerved between atoms 
other than the three mentioned even though at l«ist for Cl and B the dbdaxm 
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affinities are of the same order. The difference is that, because of the much 
greater ion radius, the electrostatic interactions are much smaller and apparently 
not sufficient for hydrogen bond formation. 

It is interesting to compare the preceding considerations with a qualitative 
molecular orbital treatment of hydrogen bonding. Let us simplify the hydrogen 
bond between two H 2 O molecules 

H H 

/ 

Q. - H— 0 

/ 

H 

by replacing the left H 2 O molecule by its united atom Ne and by replacing the OH 
group on the other side of the H atom that forms the bond by its united atom F. 
In other words let us consider a hydrogen bond between Ne and HF 

Ne. . . 


-■35cr 



■2pir 

Zper 


Zp^ 

Zp<r 



Ne Ne...H...F HF 

Fig. 160 . Molecular orbital explanation of hydrogen bonding between Ne and F. 

T!m solid lines in. the center give the orbital exiergies before introduction of configuration 
naixmg. The arrows indicate fiie shifts produced by the mixing. 

In 1^ at file left file orbitaJs of Ne in an axial fidd, at the right those of 
HF mm rfwwiL If we diwr^wd fm a moment tie excited orbital 3sa of HF we 
mm tiifet %hm two '!^or iwMiafc of Mm aud HF wift interact to ^ve two molecular 
CfWWte (eeifar -mi Mg* one a lifcfe 'Ioip» %)or of Ne and the 
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other a little higher (by the same amount) than 2j>a of HF. The same appli^ to 
the 2p7r orbitals. If therefore we fill the two cr and the two w molecular orbitaLs 
with 12 electrons corresponding to the ground state of Ne -f HF the bonding and 
anti- bonding actions compensate each other exactly and no stable system would 
be formed. Howwer the rather low'-lying Zsa orbital of HF, which is unoccupied 
in the ground state, wdU mix with the two a orbitals arising from the *2po orbitals 
of the separated systems, push them down and thus reduce the anti-bonding action 
of one and increase the bonding action of the other (indicated by the short vertical 
arrows in Fig. 160). As a consequence of this configuration interaction, in the 
ground state bonding and anti- bonding actions no longer compensate and a small 
net binding energy arises. 

When an electron in free HF is excited from the 2pcr to the orbital the 
resulting state has strongly ionic properties, that is, it is essentially 
[see Johns and Barrow (636)]. Thus, as in the valence-bond treatment it is also 
in molecular orbital theory in a sense the effect of the ionic state that causes the 
stability of the hydrogen bond. On the other hand, since the relation between the 
35cr orbital and the ionic state is not a simple one, it is perhaps better to consider 
the stability of the hydrogen bond as due to the effect of one (or several) low-lying 
excited orbital in much the same way as in Volume. I (p. 357f) the stability of 
molecules like BeH was explained. This view emphasizes the contrast to the 
dispersion forces which are due to the collective action of all excited states of the 
right symmetry. 

While a Ne — HF complex has not yet been observed complexes of HCi with 
Ar and Xe having a dissociation energy of 1.1 and 1.6 kcal mole resi>ectively have 
recently been found by Rank, Sitaram, Glickman and Wiggins (1047). 

If the Ne atom in our model (Fig. 160) is replaced by the iso -electronic F' we 
obtain the (FHF)~ ion. Here the energy separation of the 2pcr and 'Iprr orbitals 
at the left from those at the right is much smaller if not reversed. Therefore the 
bonding and anti-bonding action is stronger. At the same time the 3sa orbital 
of F” must now be considered which is much lower than in Ne and even lower 
than 350- of HF. Its mixture with the tw’o 2pa orbitals is therefore stronger, that 
is, these orbitals are lowered much more than before : thus a much stronger hydrogen 
bond is obtained. 

Returning now to the case of the H2O dimer w^e show^ in Fig. 161 a diagram 
similar to Fig. 160. The tt orbitals of Fig. 160 are now split into 5^ and 62. If the 
two H2O molecules approach each other thus 

HI II H 

\ / 

O 

t/ 

it is clear that the lone pair orbital 15i of I wiU be most affected while in II it will 
be the H — 0 bonding orbitals I62 and (see p. 385). If the dimer hm a pkmax 
conformation, become a'" while both bg and b^me ah Therefore in a ptoar 
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conformation those orbitals of one H 2 O which are localized between the two 0 
atoms do not interact with those of the other H 2 O. An interaction does take 
place w'hen the molecules are not co-planar since then there are no symmetry 

restrictions. But even then just as in the Ne H~F system the bonding and 

anti-bonding actions exactly compensate for the orbitals Med in the ground state. 

4 ^, a 


a" 

a- 


'A 



30 ^ 


1/32 


2 a, 


H2O1 



H 0' 


■H 




2^?, 


Fig. 161. Correlation of orbitals in the hydrogen-bonded dimer of H2O. The sym- 
metry of the dimer is assumed to be C,. The arrows as in Fig. 1 60 indicate the shifts produced 
by configuration mixing. 


Only if we take account of the low'est excited orbital 4ai (that is, take account of 
configuration interaction) does this compensation break down whether or not the 
dimer is planar. The a' orbitals are pushed down and a positive binding energy 
results. 

The preceding considerations, w'hile entirely qualitative, do perhaps give a 
feeling for the w'ay in which molecular orbital theory can deal wdth hydrogen 
bonded molecules. More detailed discussions have been given by Hofacker (559a) 
and Pimentel and McClellan (33). 


Charge-transfer forces. Closely related to hydrogen- bonded systems are 
lo<»ely bound molecular complexes which have been discussed by Mulliken and his 
collaborators in a series of papers (907)(908)(909)(1066)(910)(913)(951)(996)(1226) 
(9^). Ihe starting point of MulHken’s considerations was the observation that a 
sohilaoii of iodine in benzene shows a new strcmg absorption near 3000 A not present 
in eitlifflr iodine or benzene alone. Similar spectra have been found in many other 
waMoattnw of hak^ens witli aromatic eompDimds and have been ascribed to 
farmation in the mixture. Mnllifeoa recognized that the additional 
iwe fm fcwned fixmi a mdeeule that easily 

pv®i ftt f * -Aibiw ” and Art it .acceptor ’ ’). 
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Therefore as in Pauling’s explanation of hydrogen bonding we can also assume 
here an ionic-covalent resonance as the main reason for the stability of the complex. 

Let X and Y be the tw’o component molecules and let the ionization potential 
of X be appreciably smaller than that of Y. If the state X + Y" is not too high 
above the non-bonded ground state X* • - Y, the latter may acquire stability by 
resonance with the former. Again the difference from ordinary ionic- covalent 
resonance is that here the tw’o molecules X and Y have all their homopolar valencies 
saturated and do not attract each other without this resonance. The resonance 
supplies the whole of the binding energy. 

If the wave function of the non-bonded ground state is ^o(XY) and that of 
the ionic state j/fi(X‘‘'Y"') then the w^ave function of the complex will be a mixture 
of the two: 

= a^o(XY) + 6^dX^Y“) (III, 144) 

where h is very small compared to a. The low'ering of the energy of the ground 
state, according to second order perturbation theory, is given by 

W 2 

(HI, 145) 

where the matrix element Ifoi is to be taken between the two eigenfunctions 
and 01. The low^ering of the energy depends inversely on the energy difference 
Ei — Eq of the ionic and covalent state. The resulting forces have been called 
charge-transfer forces since they depend on the transfer of an electron from X to Y 
[eq. (Ill, 144)]. 

The ionic state X + Y" corresponds to an excited state of the complex whose 
w^ave function is 

0B = -60o(XY) + a0i(X + Y-) (III, 146) 

and whose energy is kE above where it w'ould be without the ionic-covalent 
resonance (see the similar considerations p. 367). The energy relations are showm 
in Fig. 162. The broken lines give the energies of the unperturbed states. It is 
the transition between the perturbed states N and E which gives rise to the 
observed new spectrum of the complex. It is strong for the same reason that 
charge-transfer spectra of stable molecules are strong (see p. 419). 

It would be difficult to predict quantitatively the magnitude of AiJ, that is, 
the stability of the complex; but it is plausible that it should have a sufficient 
magnitude to account for the observed dissociation energies. For the case of 
iodine dissolved in benzene we know that the ionization potential of CgHe is 
fairly small (9.24 eV) while the electron affinity of Ig is about 2 eV [see Mulliken 
(907)]. Thus for large distances E^ — Eq 1 eV. In the complex the energy 
difference between the states Ei and Eq will be much 1^ because of the strong 
attraction between X+ and Y" (see Fig. 162). Considering that the energy of 
attraction of two point charges at a distance of 4 A is about 3.6 eV it seems rMSon- 
able that the center of the observed absorption occurs at about 33000 cm“^ 
(j^4eV). 
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X'^^- Y" 



Complex 


Fio. 162 . Energy level diagram explaining charge -transfer complexes. The 

broken-line levels at left correspond to zero charge transfer. AiE? is the energy shift produced 
by the transfer. The vertical arrow represents the optical transition in the complex. 

A large number of charge-transfer complexes have been studied both experi- 
mentally and theoretically during the last 15 years and in many cases conclusions 
have been dra vm with regard to the geometric structure of the complexes . MuUiken 
(909) distinguishes a number of different types of charge-transfer complexes but 
these will not be discussed here. It api)ears that these complexes are of consider- 
able importance for the understanding of many reactions in liquids and also for an 
understanding of the structure of crystals of mixtures of various compounds. 
For more details see for example the review by Orgel {950a) and the monograph 
by Briegleb (5). 

Since the interaction that leads to the stability of charge-transfer complexes 
is of the same t3rpe as other covalent interactions, it is clear that the force of 
attraction just as for these other interactions decreases exponentially with the 
distance of the two components of the complex. The same behavior is exhibited 
by the forces giving rise to hydrogen bonds while van der Waals forces decrease 
much less rapidly with distance (see p. 420). 



CHAPTER IV 


DISSOCIATION, PREDISSOCIATION AND RECOMBINATION: 
CONTINUOUS AND DIFFUSE SPECTRA 

Continuous and diffuse absorption and emission spectra are observed for poly- 
atomic molecules even more frequently than for diatomic molecules. According 
to elementary considerations of quantum theory, these spectra must correspond 
to ionization or dissociation processes^. Continua corresponding to ionization join 
on to the Rydberg series previously considered, just as for atoms and diatomic 
molecules. These ionization continua, whose interpretation is usually straight- 
forward and does not present any difficulty, will not be included in the pre^nt 
chapter. 

On the other hand, the detailed interpretation of the continuous and diffuse 
spectra corresponding to dissociation and predissociation, respectively, often 
presents considerable difficulties. As a preparation for their discussion, we must 
consider first in somewhat greater detail than was necessary in Volume 11 the forms 
of the potential energy surfaces of polyatomic molecules in various electronic states. 


1. Potential Surfaces 

The potential energy of an A-atomic molecule is a function of 3 A ~6 (or. for 
linear molecules, 3A — 5) internal coordinates, that is, three coordinates for 
triatomic, six for four-atomic, and so on. This function can be represented by a 
3N — 6 dimensional h3^ersurface in a 3N -64-1 dimensional space. Such 
hypersurfaces, unlike the simple potential curves of diatomic molecules, are 
difficult to visualize and still more difficult to represent graphically. For the 
discussion of the vibrational motion it is not necessary to have such a graphical 
representation, but for a discussion of dissociation and predissociation phenomena 
it is necessary to have it even if drastic simplifications have to be made. 

Symmetric linear triatomic molecules. The potential energy of a linear 
triatomic molecule depends on four coordinates. It is customary, in order to 
visualize this function, to put the two bending coordinates equal to zero, that is, 
to consider the motion rigidly fixed to the symmetry axis (z-axis). With this 

^ It must be emphasized that in polyatomic molecule much more often than in diatomic 
molecules the line density in a discrete spectrum (that is, in a transition between two stable 
electronic states) may be so high that apparent continua or apparerulp diffuse spectra arise. 
Indeed, if the line spacing is smaller than the Ik)ppler width of the lines, the spectrum would 
appear continuous or diffuse, even under the highest resolution. In this chapter we not 
consider such apparently continuous or apparently diSiise spectra. 

m 
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simplificatioii the potential energy depends on only two coordinates and can there- 
fore be represented by a two-dimensional surface in ordinary (three-dimensional) 



Fig. 163. Potential surface of the lowest singlet state of CO 2 as a function of the 
two G-O distances and r 2 . The contour lines shown are lines of constant potential 
enei^. The intervals between the full contour lines are 2 eV. The broken contour lines 
are intermediate. The oblique coordinate system has been chosen to correspond to the condi- 
tion {IV, 2) for CO 2 . At the top a cross section of the potential surface for large ra is shown 
by the h^vy-curve. The light curves give similar cross sections for other nearby states 
including the one ^wn in Fig. 164 (see caption of Fig. 164). The dot-dash curve starting at 
€ P^rownte qualitatively the Li^ajous motion of the molecule when it starts with a large 
v^hi© d the normal coordinate oorrasponding to 


Tim m by nieam of contour lin^ in Fig. for the electronic ground 

«W© of <Xla ns s of fte two C — 0 distance and F^re 163 is 

siwiiar to F%. ^(b) H (p. except Hiat Hie angle between the 

wxwiimte ami ha® fec®a to and tiiat account has been tahen 
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ofthe fact that for large?-! (or fg) one obtains CO(^S) + 0(^D) not C0(^2) + 0{^P) 
according to the correlation rule for the electron spin (see p. 282). 




Fig. 164- Potential surface of the lowest triplet state of GO 2 as a function of the two 
C-O distances rj and Tq. See caption of Fig, 163. The two figures should be superimposed 
to get a picture of their mutual relation. The cross sections of the surfaces at the top are given 
in order to help visualize this mutual relation. The dotted lines in each of the main diagrams 
repr^ent the approximate curve of intersection of the two surfaces. 

In Fig. 164 the corresponding contour diagram is shown for the lovsrest triplet 
state arising from CO(^S) + 0(®P). Actually one should visualize the two poten- 
tial surfaces, Figs. 163 and 164, one above the other and intersecting each other. 
As a guide for this purpose at the top in each case a ciws section of the potential 
surfaces for large is shown and in the main diagrams the curve of interaction is 
roughly indicated by the dotted lines. 

It is seen from Fig. 163 that even in this simple triatomie there sue three 
dissociation limits of the elecferonic ground state ooirespoindiDg to 0 + 00,, 00 4- O 
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and 0 + C + 0 of which, of course, the first two have the same energy. It should 
also be noted that while the electronic ground state on dissociation to CO + 0 
gives i.e., an excited state, it does correlate with O + C + 0 in their 

lowest (^P) states. 

As we have seen in Chapter III, section lc(a), there are in general a large 
number of molecular electronic states arising from a given combination of atomic 
states (there are 119 states from A ^P, see Table 24), and there will be 

just as many potential surfaces. Only the tw'o lowest of these are shown for COg 
in Figs. 163 and 164. 

For a representation of the potential energy function alone a rectangular 
coordinate system would, of course, be just as good as (and more convenient than) 
an oblique coordinate system. However, if one wants the motion of a small mass 
moving without friction on the surface to represent the motions of the atoms in 
the molecule, an oblique system of the axes must be used for the following reasons. 
In order to have a one-to-one correspondence, not only must the potential energy 
V, but also the kinetic energy ^m{x^ + y^) of the mass point be proportional to 
that of the molecule. For the general case of an XYZ molecule the kinetic energy 
of the molecule in terms of and rg is readily seen to be 

^ = ' ‘>1^ , L + "* 3 )^ 1 ^ + + msinii + 

2(mx A W 2 + W 3 ) 

(IV, 1) 

where mi, mg, are the masses of X, Y and Z, respectively. Clearly, if fi and r 2 
w'ere plotted as a rectangular coordinate system (i.e., if x = rj, y = fg) the kinetic 
energy of the mass point would not be of the form (IV, 1); but if we choose oblique 
coordinates, x, y, as shown in Fig. 165, such that 


jc = fi = X — y cot d', 



y 

sin d' 


where c is a factor by which r 2 is reduced as ordinate in the oblique coordinate 
system, we can, by a suitable choice of d' and c, make T of the form \m[x^ -f y^). 
We find 


cos 


+ 






(IV. 2) 

(wi, A 


»q(wi2 

iW3(mi 

+ W 3 ) 

+ M 2 ) 

,(IV, 3) 


For symmetriail XYg molecules (mj = m 3 ) these formulae yield c = 1 and 
^ == miKmi -f m 2 ) which for COg gives = 55° 9', for CHg i?- = 85° 35'. 
'Hww we must plot directly r j and fg (without reduction) under the angle given, as 

has hoffli done in Fi^. ISS and 164. 

Let us m 0 m amader the poftentiai surlebce of the ground state of COg (Fig. 163) 
Ki ft .l^e »€ue The stretehing vibration vi 'Corresponds to the 

motion of the image point along the line a — a; if the amplitude of this vibration is 
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increased, it would lead eventually to a dissociation into 0 + C + 0. On the 
other hand, the antisymmetric stretching mode corresponds to motion of the 
image point along the line 6 — 6 perpendicular to a~a and if its amplitude were 
increased without deviating from the line 6-6, no dissociation would result since 


Fig. 165. Relation between oblique and 
rectangular coordinate systems used for 
potential surfaces of linear XYZ molecules. 



the potential energy goes to infinity at the intersection of the line 6 — 6 with the 
coordinate axes. Actually, however, classically, a simple oscillation along 6—6 
is not possible except for infinitesimal amplitudes because at the end point of the 
motion the direction of greatest slope does not coincide with the direction 6-6. 
For this reason the image point, once it has reached a point on 6 — 6 at some 
distance from the minimum, will start along the line of greatest slope and describe 
a complicated Lissajous motion, such as the one indicated by the dot -dash curve 
in Fig. 163 starting at the point marked C. This Lissajous motion is a superposition 
of the symmetric and antisymmetric vibration with different amplitudes and 
phases. Thus, classically, it is impossible to excite the antisymmetric vibration 
to higher amplitudes without simultaneously exciting the symmetric vibration 

If the amplitude of the antisymmetric vibration is sufficiently high, the 
Lissajous motion will lead the image point into the vaUey dov e, that is, the mole- 
cule dissociates into CO + O. But this dissociation is not an instantaneous one. 
Only after carrying out an extended Lissajous motion such as the dot -dash curve 
in Fig. 163 would the dissociation occur, quite unlike the dissociation into 
0 4_ C -f O that would occur when the molecule starts out from a conformation 
corresponding to a point sufficiently high on the left-hand part of the line a— a. 
In that case we would have dissociation in half an “oscillation” (in one “ swing ”)- 
The former case is the classical prototype of a unimolecular chemical reaction [see 
e.g. Slater (36) and Thiele and Wilson (1202)]. 

Translating these classical considerations into quantum-theoretical ones, it 
may be expected that the higher vibrational levels of vi converge to the dissociation 
energy ^(COa O + C + 0) in much the same way m the vibrational levels of a 
diatomic molecule in a given electronic state converge to its dissociation energy. 
On the other hand, the higher vibrational levels of V3 will fiM converge to 
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i)(C 02 -> 0 + CO) but will continue above this limit even though considerably 
broadened by predissociation (see section 3). To my knowledge no detailed 
calculations of the higher vibrational levels of a triatomic XY 2 molecule have 
been attempted. We know, however, that the eigenfunctions of the levels 
are antisymmetric for odd, symmetric for even Vq. 

Near the minimum the potential function can be represented by a power series 
in the displacement coordinates — rf as discussed in Volume II, p. 204, 

but for a representation of the whole of the fimction more complicated expressions 
are required. The simplest assumption is that the potential function is a sum of 
Morse functions, one for each bond [see e.g. Thiele and Wilson ( 1202 )]. Accord- 
ingly in the present case, we would have, still neglecting bending motions, 

V = D[l - + D[1 -- (IV, 4 ) 

This function approaches the energy D when either or approaches od while fg 
and respectively have their equilibrium values. The function approaches the 
energy 2D when both and go to 00 . Clearly this is an extremely rough 
approximation. A much more sophisticated potential function starting out 
from a Morse-Lippincott function for the stretching coordinates [see Lippincott 
(754a, b)] and a trigonometric function for the bending coordinates has been given 
by Pliva (993) and applied to the discussion of the anharmonic constants in the 
ground states of a number of triatomic molecules [see also Kuchitsu and BarteU 
(699a)]. However, he also has not considered the higher vibrational levels which 
would be of interest in connection with the problem of dissociation. 

In quantum theory half a quantum of the antisymmetric vibration vg is 
always excited, and therefore when is excited to higher values, the corre- 
sponding motion is not entirely restricted to the line a — a. Thus a Lissajous-like 
motion starts also in this case and it may eventually bring the image point to one 
of the two valleys d and e. The levels v-^vi above the lowest dissociation limit are 
therefore also subject to predissociation. 

Let us now consider the motion of the nuclei at right angles to the intemuclear 
axis which we have disregarded so far. One way to represent diagrammaticaUy 
the dependence of the potential energy on the bending coordinate is to keep one 
CO distance fixed and plot the potential energy of the molecule as a function of the 
X and z coordinates of the other 0 atom in a plane through the C — 0 axis. This is 
done in 166 assuming that the approaching 0 atom is in the state while 
CO is in the ground state. It is likely that there is a small potential mfl.iriTrmyn 
(not shown) which the 0 atom has to overcome when it comes from infinity to 
enter the bowl corresponding to the groimd state of OOg. While actually the 
intemmckwr dktanoe in the CX> group do^ not remain fixed in the process of com- 
twiing it wirii aaMfhtt- O atom (as assumed in Fig. 166), the change (from = 1,13 
to 1 , 16 ) » rdattvidj small. Diagrams similar to Fig. 166 were first used by 
Syring T<^iey (555) for the systems Hg + H and H 2 + CL 
my oir the depmdeaMse of the potential mergy of CO 2 

« the bending cocMiimte is to plot it as a function of ithie O -- 0 distance (a;) and 
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the perpendicular distance ( 2 ^) of the C atom from the 0 — 0 axis assuming it to be 
restricted to the perpendicular plane through the center of the 0 — 0 line. This 
is done in Fig. 167 . For large y the cross section of this surface gives the potential 
energy curve of O 2 in its ground state. The abscissa axis ( y = 0] corresponds 
to the diagonal a — a in Fig. 163. Again it is seen that classically the vibration pi 
can be excited to high amplitudes without losing its character while excitation of 
{ J- abscissa axis at A) soon leads to Lissajous motion and a mixing of 

and V2- If Fig. 167 w'ere plotted for various positions of the C atom between the 
two 0 atoms, one w^ould obtain an idea of the whole potential function as indeed 
one w^ould if one plotted Fig. 166 for various values of the C — 0 distance. 

Unsymmetric linear triatomic molecules. If we plot the potential 
surface of a linear XYZ molecule as a function of the XY and YZ distances (fj 
and r2), assuming the molecule to remain linear throughout, we no longer obtain a 
symmetrical pattern as in Fig. 163 for CO 2 (or generally for XY 2 ). As we have 
seen earlier we must use a different scale on the two (oblique) coordinate axes if we 
want the motion of a mass point on the potential surface to represent the intra- 
molecular motion. From the previous formulae (IV, 2) and (IV, 3) we obtain for 
example for HCN d' = 78° 15' and c = 0.378. In Fig. 168 the potential surface of 
HCN is plotted schematically for the ground state. Again we have two valleys, 
but now of different depth and slope, one leading to H(2*S') -f CX(2i:"), and the 
other to CH(^E“) 4- N(^iS). We do not show the intersecting surface leading to 
CH(^n) + N(^>S), which gives only triplet and quintet states, nor that leading to 
CH(^n) + N(^i)) which does yield singlet states, but for large r 2 lies in all 
probability higher^ than CH(^S“) + N(^jiS') and therefore does not correspond to 
the ground state of the molecule (see Fig. 170). The tw^o normal vibrations vi and 
V3, which are essentially a CH and a CN vibration, correspond to the motions in the 
two mutually perpendicular directions indicated in Fig. 168. It is clear from the 
figure that neither vibration remains a simple vibration when the amplitude is 
increased. Rather they give then Lissajous motions, and either Lissajous motion, 
if the energy is high enough, wiU lead to a dissociation of the molecule corres- 
ponding to the lowest dissociation limit, in the present case H + CN. 

A plot of the potential energy as a function of the a;- and 2 -coordinates of the 
H atom (or the N atom), keeping the CN group (or the CH group) fixed, would look 
very similar to Fig. 166 for CO 2 , and would give an idea of the dependence on the 
bending coordinate. 

Non-linear symmetric triatomic molecules. The potential function of 
a non-linear XY 2 molecule plotted as a function of the two X Y distances, assuming 
the YXY angle to be kept constant, is of exactly the same type as Fig. 163 for a 
linear molecule. However, such a plot is much less significant since, in contrast 
to the linear case, in a collision Y + XY the angle YXY does certainly not remain 

2 While the " state of CH has not yet been observed ite excitation ^rgy is aliMrt 
certainly less ttian 1 eV. 




Fcwts^ErtW surface of the lowest singlet state HGN (ground state) as a 
'Of ti» CH aiwi CN distance (scii^xiatlc). M accordance with the previous 
iMMte S| ibe 'CM d«*aao© is plotted oa a scate which is orfri' times as large as that of 
C3H Hws ao^le of Ihft oWM|iie axis ooire^xaiMis to eq, {IV, 2). The 

direeitom of motion for the vibratioBs and 1^3 near igfflaiiTMMM. of the bowl are m^cateH'- 
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fixed and in addition, even near the potential minimum, the dynamics of the 
motion would not be represented by the motion of a mass point on such a potential 
surface. 

More useful representations are those similar to Figs. 166 and 167. As an 
example, in Fig. 169a the potential energy of HgO is shovra by contour lines as a 
function of the H — H distance (x) and the distance [y) of the 0 nucleus from the 
H — -H line, assuming that this nucleus is at all times symmetrically placed with 
respect to the two H atoms. The possibility of antisymmetric motion (vibration) 
is neglected, just as in Fig. 167 for a linear molecule. The minimum corresponding 
to the equilibrium position lies now, of course, above the x axis, not on it as in the 
linear case. The two symmetrical normal modes near the equilibrium position are 
again represented by the motions of the image point in the directions of maximum 
and minimum curvature in the potential w^ell [aa and bb in Fig. 169a). 

For large y the cross section of the potential surface approaches the potential 
function of an H 2 molecule in the ground state. As for CO 2 (Fig. 167) there is a 
potential valley coming from the top of the figure and ending in the potential w^ell 
representing the equilibrium position. In all probability there is a substantial 
potential hump in this valley corresponding to the rearrangement of the bonds, 
from an H — H bond to two OH bonds. The 0 atom at the upper end of the valley 
must be in the state not the ^P ground state, since the ground states of both 
H 2 O and H 2 are singlets. The potential surface corresponding to the combination 
Oi^P) -j“ ) is lower at large y and intersects the surface shown at an inter- 

mediate y value. Nevertheless, if w'e go from the minimum of the well to the 
plateau at the right, we obtain an 0 atom in the ^P state ( + two H atoms). Such 
a correlation is possible because at large x the and states of H 2 have the 
same energy. 

In order to make this situation clearer, we have drawm in Fig. 169b and c two 
cross sections of the potential surface along two lines parallel to the y axis. The 
combination of an 0(^P) atom with ) gives only triplet states [^B 2 , ^^^ 2 ) 

which, near the conformation of the H 2 O ground state, lie very high. But if the 
0(®P) atom is combined with Hg in the (repulsive) state, singlet, triplet and 
quintet states arise (see Table 27). Of these, the state interacts with the two 
^Ai states from O(^jD) + H 2 (^Sg^). For intermediate x the latter combination is 
lower and forms the ground state (as shown in Fig. 169b), for large x the combina- 
tion 0(^P) + H 2 (®Su ) is lower at large y, and therefore, the ^Ai state at small y 
is derived from it (see Fig. 169c). The three ^A^ surfaces intersect only at very 
large y near A at the upper edge of Fig. 169a (see the cross section for large y above 
Fig. 169a). They separate as soon as y is no longer very large since then, because 
of the interaction between the 0 atom and the H atoms, the non-crcBsing rule 
becomes operative. 

The potential surface Fig. 169 can boused for qualitative (but not quantitative) 
discussions of the djmamics of collision process^. A wllision between an 0 atom 
(in the state) and an H 2 molecule whose axis is perpendicular to the dir^ion 
of motion of the 0 atom, is r^r^nted by the motion of the point atong the 



C5tO+(f3,)^)J 





Fiq. 169. Potential surface of the lowest singlet 
state of H 2 O as a function of the H — distance (^) and 
the distance ( 3 ^) of the O nucleus from the H — H line. At 
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valley that enters the diagram at the top. It is clear that because of the curvature 
of the valley, the point will move up on the left slope until its momentum com- 
ponent in the direction of steepest descent is used up, after which it will roU down 
the slope, enter the bowl corresponding to the ground state of HgO (if it had 
sufficient energy to overcome the potential hump), rise on the other side, and so on, 
carrying out a complicated Lissajous motion. Eventually it will return and leave 
the valley again, but the lifetime of the collision complex is obviously much larger 
than the period of one vibration. 

A simplified method of representing the potential functions of triatomic 
molecules has been used by Laidler (712) and others. It consists simply in drawing 
a cube on w^hose faces the limiting potential curves are drawn for large rg, etc. 
This is shown for HCN in Fig. 170. Such figures are useful both for the discussion 
of dissociation processes and of reactions between three atoms. • 

More complicated cases. Even for triatomic molecules, two-dimensional 
potential surfaces represent the potential function only in a very incomplete way 
since they neglect one (or two) degrees of freedom. If one wanted to represent 
the complete potential function, one would have to draw a series of two-dimensional 
surfaces for various values of the third parameter, e.g. the angle between the two 
XY bonds. However, such a series of surfaces would still not allow one to visualize 
the motion of the image point and therefore of the atoms in the molecule. 
Recently, using electronic computers several groups of authors have calculated 
classical trajectories of atoms in simple reactions taking account of all degrees of 
freedom [e.g. Polanyi and Rosner (998)]. 

For molecules with more than three atoms, even a representation by a series of 
two-dimensional potential surfaces is quite incomplete; for a four-atomic molecule, 
one w^ould need a four-dimensional series of such surfaces since there are six degrees 
of freedom. The best one can do is to draw^ one- or two-dimensional cross sections 
of the six-dimensional hypersurface, keeping five or four parameters fixed, and 
similarly for more atoms. For example, for H 2 CO we can plot the potential energy 
as a function of the H — H distance and the distance of the H — H line from the C 
nucleus, keeping everything else fixed and keeping the CHg configuration sym- 
metrical. In this way w’e obtain a diagram very similar to Fig. 169. We might 
also consider HgCO as a triatomic molecule (Hg) — C — 0 and represent its potential 
energy by a diagram like Fig. 168. 

Non-crossing rule and conical intersections. For diatomic molecules, 
potential curves of stat^ of the same species do not cross (see VoL I, p. 295). If 
in a oartain approximation they do cross, the effect of the neglected terms in the 
wave ©qmtaon wifi alw&js be such that the levels “ repel” each other and therefore 
tiwfe in fact they do not crew. It was fiarst recogim^ by Teller (1197), that this 
rule lias to be smnewhat modified for polyatomic molecules. 

lUrttooEofeaHy, the Ibr crosmag of two states n and i.e. for 

(accidental) de^naracy, fe ftal Ibr them 

■ „ . „ , bofet Wnn = 5 , aiid = % 


(IV, 5) 
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w here Wnn, are the matrix elements of the jierturbation function Jf 

(see Vol. I, p. 14). In a diatomic molecule, the two conditions (I\\ 5) cannot be 
simultaneously fulfilled by variation of the intemuclear distance r, imless because 
of symmetry W^i = 0 for any r, i.e., w'hen the two states n and i have different 
species. How’ever, for a polyatomic molecule, since there are several intemuclear 
distances, the two conditions can be fulfilled for certain r^ values even if the two 
states have the same species, because the electronic eigenfunctions de|>end on the 
r^ as parameters. Teller has showm that in a two-dimensional case near the point 
f5, for which the tw^o conditions (IV, 5) are fulfilled, the two potential surfaces 
form a double cone in and rg. In other words, the tw’o potential surfaces 
intersect in a single point if they are represented as functions of and fg : we have 
a conical intersection. Actually, of course, the potential functions depend on 
several other variables and the intersection occurs for any values of these, i.e. in 
such a case the two /-dimensional surfaces would intersect along an /— 2 
dimensional “line”. 

If spin-orbit interaction is large (i.e., if magnetic forces have to be considered), 
the matrix element is complex, and the condition = 0 implies two conditions: 
the real and imaginary part must separately vanish. Therefore, only for a set of three 
variables, r^, rg, Tq, can the conditions (TV, 5) be fulfilled, and thus the *Tine'* of inter- 
section has only/— 3 dimensions. 

It can be shown [Herzberg and Longuet-Higgins (534)] that the electronic 
eigenfunction changes sign when one goes once around a conical intersection. This 
is also the characteristic of the electronic eigenfunction for the self- intersecting 
potential functions arising in the Jahn-Teller effect (see p. 40 and Fig. 16). 
Indeed Jahn-Teller distorted potential functions of degenerate electronic states are 
typical examples of conical intersections. 

Conical intersections also arise in molecules for which a linear conformation is 
possible and for w^hich in this linear conformation an intersection of two degenerate 
states of different orbital species exists (for example betw'een a 11 and a A state). 
As the molecule is bent each state splits into an A' and an A" state. The two 
resulting A' states cannot intersect except in the linear conformation: we have a 
conical intersection. This is schematically illustrated by Fig. 171. A similar 
intersection results for the A" components. 

In aU these cases the apex of the cone corresponds to a conformation of the 
molecule in which the two electronic states are non-accidentally degenerate with 
each other or have different species. One may ask whether a more general 
case is possible in which the apex does not correspond to a special (symmetrical) 
conformation. As was shown by Herzberg and Longuet-Higgins (534) such a 
situation arises for the two states that result when three unlike atoms in 
states (e.g. H + Li + Na) are brought together [compare London’s formula 
(III, 69); the apex corresponds to the point where the square root vanish^]. 
This is a genuine case in which the intersection contravene the non-creasing rule 
in its “diatomic” form. 

Several other types of mterseetion may arise in p<dyatoinie moteeulew As 
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have seen in Chapter I, section 2(b), \nbronic interactions in linear molecules lead 
to a splitting of the potential function, but in such a way that near the linear 
conformation they are in contact (see Fig. 4), i.e. the angle of the cone is 180'^. 
These intersections are more properly called glancing intersections. Here again 
the point of intersection is determined by symmetry and thus is in accord with the 
elementary non -crossing rule. 



Fig. 171. Conical intersection of the potential surfaces of the A' (or AD states 
derived from a n and a A state of a linear molecule. 

Another type is exemplified by the potential surfaces of the H 2 O system 
partly represented in Fig. 169. Here for large y the surfaces for the two ^Ai 
states derived from 0(^D) -h H 2 (^S) and 0(^P) +H 2 (®S) intersect since the 
matrix element vanishes because the O atom is at a great distance from the 
H 2 group. As soon as the 0 atom is brought closer, however, this intersection 
is '‘avoided” and, as a consequence, the ground state of HgO, while it yields 
0{^D) + 112 (^ 21 ) upon removal of the 0 atom, does yield oxygen in the ^P state 
when the two H atoms are removed separately without the formation of a 
Hg molecule. 

Near-intersections can arise just as for diatomic molecules: for example, an 
intersection between a state arising from two ions and one arising from neutral 
parte, or an intersection between a state in which one elytron is highly excited 
offlte in which no such excitation existe. Just as for diatomic molecules, such 
i»wr in^sedaooB usually take place at fairly large intemuclear distances where 
w very small (see Tol I, p. 375). Moreover, such intersections in polyatomic 
wouM extaid sdwig / ■— I dim^^onal hn^, or rk^es (if there are / 
of freaic^), , wwild not bo ccmlr^ iiatorseciiuM. 
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2. Continuous Spectra: Dissociation of Polyatomic Molecules 

Just as for diatomic molecules, continuous spectra of pol3’at«3ni!e molecules 
can occur in absorption and emission. Very few of these continua correspond to 
ionization processes which we are not considering in this chapter; almost all of the 
observed continua correspond to dissociation processes. The interpi-etation of 
these continua is, however, much more difficult than for diatomic molecules 
of the existence, in each electronic state, of several dissociation limits corres|xindiiig 
to different dissociation products. Consequently, only in relatively few cases is 
the interpretation of observed continua of polyatomic molecules as detailed and 
defimtive as for many continua of diatomic molecules. Another reason for this 
uncertainty is that the possibilities of predissociation are much more numerous (see 
section 3) and that often predissociation, i.e. diffuseness, may be so strong that the 
resulting spectrum cannot easily be distinguished from a true continuum corre- 
sponding to a continuous range of energy levels. 

In this section we shall consider only those continua for which the corre- 
sponding continuous range of energy levels represents dissociation in one single 
oscillation, without going through a complicated Lissajous motion (“direct 
dissociation”). In such a case, the molecule dissociates within a time of the order 
of 10“^^ to 10”^^ seconds after having been brought into the unstable state. 

(a) Absorption continua 

Upper state tvith stable equilibrium position. If both lower and upjx^r 
states have a stable equilibrium position, absorption ma\’ \'et, on the basis of the 
Franck-Condon principle, lead to the continuous range of levels of the excited 
state, and a true continuous spectrum maj" result just as for diatomic molecules. 

For example, consider a linear sjuimetric XY 2 molecule for which the potential 
surface of an excited state is similar to that of the ground state (.shown in Fig. i63| 
except that the potential well is shifted to higher and /*2 values and is not as 
deep as for the ground state; then in absorption from the minimum of the ground 
state a point vertically above on the upper surface ma\" be reached which is higher 
than the plateau corresponding to dissociation into three atoms. If that is the 
case, the image point representing the system will slide do\^'n to the minimum and 
up to the plateau; that is, the molecule will dissociate in one oscillation. Figure 
172 shows a cross section of the two potential surfaces along the diagonal a~a of 
Fig. 163. It is entirely similar to the potential curves of CI 2 shown in Fig. 175 of 
Volume I. As in the diatomic case, depending on the relative positions of the 
upper and lower surfaces, one may expect a progression of bands converging to a 
limit with an adjoining continuum, or only a continuum. 

No clear-cut example of either of these two cases has yet been found. The 
reason for the lack of examples is tw^o-fold: (1) the higher vibrational levels of the 
symmetric vibration are strongly predissociated (see swtion 3), and (2) the enei^ 
required for a dissociation into three atoms is faMy h%h, mmI the corr^powli]^ 
spectrum would Ee far in the vacuum ultraviolet and (x>«M be obwuned by laMy 
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other discrete transitions or by strong continuous absorptions involving a change 
of shape (see below) which often lie at longer wavelengths. 

For an unsymmetricai linear triatomic molecule, XYZ, again a continuous 
spectrum will only arise if position and depth of the potential well differ appreciably 
in upper and low^er state. Here, in addition to the possibility of dissociation into 
three atoms (w^hen both the equilibrium distances r\ and r| change proportionately), 



Fig. 172. Gross sections of the potential 
surfaces in two electronic states of a linear 
XYa molecule explaining the origin of a 
continuous absorption spectrum. The two 

potential surfaces are assumed to be of the type 
of Fig. 163 and the cross section is taken along 
the diagonal ri = r2. 


there is also the possibility of dissociation in one oscillation into X + YZ or 
XY + Z if only rj or only f| changes appreciably. This is because in such a case, 
after the photon absorption, the system may reach a point on the side of the well 
such that after going through the minimum, the image point flies out through one 
of the two valleys (see Fig. 168). The greater the change of the internuclear 
distance involved, the more likely is such a process to occur. However, if the 
change is not large even though the energy is sufficiently high, the image point may 
not immediately reach the valley corresponding to dissociation but carry out a 
Li^jous motion which only after some time leads it to this valley. Such a 
mechanism will be discussed more fiilly in the next section. 

Unsymmetric di^ociation precedes similar to those in linear XYZ molecules 
may occur in linear XY2 molecules if in the excited state the equilibrium 
csonlbrimtm^ is unsymmetric, that is, if in the excited state the potential well is 
UBsyimEietrimly lomtcd with r^pect to that of Hie ground state. In that case 
the point, is initiaJly (i.e. immediately after the “quantum jump”) 

imted, B»y, afl« riurou^ tihe new minimum, leave it on the 
tiw vali^ to Y + XY. Conversely, one may 

mj that a lln^r symmetric XY2 mcflecule will show a genuine (<|iiasi>diatomic) 
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continuous spectrum corresponding to dissociation into Y -f XY only if in the 
upper state the equilibrium conformation is unsymmetric. 

If in a non4inear symmetric XYg molecule the X— Y distance is much greater 
in an excited state than in the ground state, while the Y— X— Y angle is little 
changed, a direct dissociation into Y + X + Y may take place simUar to that for 
linear XY2. Again the energy required is rather high, and no observed case has 
been clearly shown to be of this type. In order to obtain a direct dissociation into 
Y + XY, one would, as in the linear case, have to have an unsymmetrical 
equilibrium position in the excited state. 

If the Y — X — Y angle changes appreciably in the transition, it is better to 
consider a potential diagram of the type of Fig. 169. It is clear that if in the excited 
state the angle is smaller than in the ground state, that is, if the potential well is at 
a greater y value, the image point after going through the minimum may well fly 
out of the valley at the top of the diagram, that is, a dissociation into X + Y^ 
may take place. The same conclusion applies for a molecule that is linear in the 
ground state (see Fig, 167) if it is bent in the excited state, as often happens. In 
either case a diatomic molecule is formed from two atoms (Y) not bound together 
in the original molecule. Such a dissociation process thus leads to interned 
rewinbincdion. 

Possible examples of continua corresponding to dissociation into X + Y2 are 
the continuous absorption spectra of HgO, HaS, HaSe, ... in the near ultraviolet 
(see Chap. V, section 1). In these molecules the highest orbital fiUed in the ground 
state is a non-bonding orbital (I61, in H2O — see Fig. 123 and Table 33), while the 
lowest unfilled orbital is antibonding (4ai in H2O). In the first excited state 
corresponding to removal of an electron from the former to the latter orbital, there 
are therefore only three net bonding electrons compared to four in the ground state; 
therefore, in this excited state the binding would be expected to be weaker and the 
equilibrium position at larger r values than in the ground state. It is therefore 
possible that by absorption from the ground state according to the Franck-Condon 
principle, an energy range above one of the dissociation limits is reached. How- 
ever, if the equilibrium conformation in the excited state is symmetrical, an uns\’m- 
metrical dissociation into HX -f H is unlikely to occur while for the symmetrical 
dissociation into H + X + H the energy is not sufficient. Thus, only dissociation 
into X 4- H2 would remain. Indeed, the 4ai orbital favors bonding between the 
tw’^o H atoms (see Table 41), that is, the H — X — H angle is likely to be reduced 
in the excited state, and this, as w’e have seen, favors dissociation into X + H2. 
On account of the spin conservation rule, the X atom must be in the state upon 
dissociation. The long wavelength limits of the observed continua for HjO, 
H2 S, . . . are indeed in agreement with this condition as was pointed out already in 
1931 by Goodeve and Stein (430) who were the first to suggest the pc«ibility of a 
primary dissociation into X + Hg. However, for H2O, photochemical evidence 
[see Ung and Back (1231)] shows that at 1849 A di^ociation into H + OH pre- 
dominates, si:^gesfang that thse upper state of the continuum is either entirely 
repuMve cc has an unsymmetrical equilibrium pc«tion. 
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For more-than-triatomic molecules the possibilities of direct photo-dissocia- 
tioix, when the upper state has a potential minimum, are even less easOy visualized. 
We must try to approximate the molecule by a three-particle system and then 
apply the previous considerations. For example, a molecule like OH3CI could be 
considered as a linear system (H3) = C — Cl whose potential surface would be of the 
type of Fig. 168. It is then seen that if r^{0 — Cl) in the upper state is much larger 
than in the lower state, a dissociation into CH3 + Cl in one oscillation may occur 
after light absorption. A dissociation into 3 H + CCl would occur if the C — H 
distance is much larger in the excited than in the ground state, but the energy 
required for such a photo-dissociation would be very large. An unsymmetrical 
direct dissociation, for example into Ha + HCCl, would require an upper state 
with an unsymmetrical equilibrium position. 

In CH 4 photochemical investigations with different isotopes have given 
conclusive evidence that at least part of the continuous absorption spectrum 
corresponds to dissociation into CHa + Ha [see Mahan and Mandal (791) and 
Magee (788)]. 

The general conclusion from the preceding considerations is entirely analogous 
to that for diatomic molecules: for an upper state with a stable equilibrium position 
a continuous absorption spectrum corresponding to direct dissociation (i.e. dis- 
sociation in a single oscillation; see p. 445) can arise only if the equilibrium inter- 
nuclear distances and angles in the upper state are greatly different from those in 
the ground state. Such a large difference always arises w’hen there is a change of 
symmetry, from linear to bent or from planar to non-planar, but can in principle 
occur also without change of symmetry. 

Upper state without stable equilibrium position. If the upper state has 
no stable equilibrium position (or only a very shallow minimum), certain additional 
possibilities of dissociation may arise. As an example, let us consider a linear 
symmetric XY 2 molecule for w^hich the upper state has a potential surface as 
shown in Fig. 173, consisting essentially of two valleys which rise toward the 
diagonal where there is either a ridge, as in Fig. 173, or a very shallow bowl at large 
Ti — fs. A mathematical expression for such a potential function, derived from 
Morse functions for the corresponding diatomic molecules, has recently been given 
by Wall and Porter (1258). If the upper state of an electronic transition has such 
a potential function, a direct dissociation into Y + XY will occur for almost any 
point reached by light absorption. To be sure, because of the curvature of each 
of the valleys, the image point will not follow a nearly straight line along the 
bottom of the valley, but an oscillation from one side to the other will take place 
while the point is leaving the valley, as indicated in Fig. 173. Nevertheless, this 
fmmm must slal be clarified as a direct dissociation since the time required is 
the mme m if the “secondary” vibration did not take place. This 
“oeoowfeuy” vihratkm of the image p<mt will persist for large (or rg) and 
to of the XY molecMle which is produced in the 

dlsmemtion process. . ' . ; , < ■ 
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YX+Y 



Fig. 173. Potential surface of a repulsive state of a linear XY 2 molecule as a function 
of rj and Although calculated on the basis of the formulae of Wall and Porter the 

figure must be considered as qualitative rather than quantitative. The dot -dash line gives 
the trajectory of the image point if it starts out from the point A. .Since the diagram has not 
been plotted in an appropriate oblique coordinate system (see p. 432) the motion of the image 
point is not given directly by the dynamics of a mass fX)int moving on the potential surface as 
plotted. 

For bent XY 2 molecules, entirely similar considerations apply. Even if there 
is no asymmetry in the potential function of the upper state, as long as it is mainly 
repulsive, direct dissociation into Y + XY can take place; but in general, on the 
basis of the Franck-Condon principle, the continuum wMI start only at a wave 
number appreciably greater than corresponds to the net dMociation energy. 

Fig. 174 shows the same repulsive potential surface as in Fig. 113 but i»w m 
terms of the coordinate x «d y previou^y introduTOd («e Mg. It » 
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from this figure that if a transition from a stable ground state {as in Fig. 167) to 
such an excited state as represented in Fig. 174 takes place, the image point will 
immediately move to y -> oo along the valleys that extend toward the top or 
bottom of the diagram, that is, there will be direct dissociation into X -f Y2 
(possibly with vibrational energy of the resulting Yg molecule). 

Since both diagrams Fig. 174 and Fig. 173 represent one and the same (t!ir«"- 
dimensional) potential surface, both dissociation processes XY2 Y -f XY and 
XYa ”> X + Y2 may take place, and, if the dissociation energies are similar, even 
in the same region of the spectrum. Thus, one and the same continuous absorption 
spectrum may correspond to two different dissociation processes. 

Similar conclusions may also be drawn for more complicated molecules: for 
example, the unsymmetrical dissociation of CH3CI into + HCCl can now take 
place even if the potential function of the upper state is symmetrical, as ioi^ as it 
is mainly repulsive. The same consideration applies to other unsymmetrical dis- 
sociations. Under suitable conditions there may now be even more than tw'o 
dissociation processes corresponding to one and the same continuous absorption 
spectrum. However, it must be realized that a certain dissociation process, 
although possible from the point of view' of the available energy, may in fact not 
occur or occur at much higher energies because of intervening potential ridges or 
simply because of an unfavorable shape of the potential surface. 

Intensity distribution. The distribution of intensity in a continuous 
absorption spectrum is, just as for diatomic molecules (see Vol. I, p. 391 ), given by 

/v ~ (IV, 6) 

where, how'ever, here the vibrational eigenfunctions and ijjl of the up{>er and 
low'er states depend on the 3^ — 6 normal coordinates, tpl is in a first approxi- 
mation a product of harmonic oscillator functions, but ifj[. is a more complicated 
function: In a very rough approximation it can be split into a product of harmonic 
oscillator functions of those normal coordinates which do not take part in the 
dissociation process and functions of those coordinates w hich are involved in the 
dissociation process. The latter functions depend on the coordinates in a way 
similar to the functions described in Volume I (p. 392) for diatomic molecules. 
These components of vary in a regular w'ay with the energy. Xo detailed 
discussion of the form of these functions has been given. One usually a^umes 
that, as for diatomic molecules, a delta function w ill give a good approximation 
and therefore that a “reflection” of at the potential surfaw of the upper state 
(after multiplication by v) gives the theoretical intensity distribution. 

The first application of this method to a polyatomic molecule was carried out 
by Fink and Goodeve (382) for CHaBr. Assuming that the ob^rv«i continuum 
CM>rresponds to a dissociation into CH3 + Br and uring only the eigenfimctioii of 
the C — Br vibration in the lower state, they obtidned from the ol^rr^ 
distribution the variation of the potentiai ene^y with r('C — in the 11 ^^ 
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The fact that a reasonable curve was obtained in this way makes it probable that 
the interpretation of the absorption continuum by a direct dissociation process 
with a simple (repulsive) upper potential surface is correct. For CHgl, an applica- 
tion of the same method led Porret and Goode ve (1005) to an upper potential curve 
with a point of inflexion. Since this seemed unlikely to them, they re- interpreted 
the data by resolving the observed intensity distribution into two curves of the 
t 3 rp 6 that give a single conventional upper potential function. The two upper 
states that they obtained in this way probably correspond to dissociation into 
CHg + I (^P|) and CHg + I (^P|). While this appears to be a very reasonable 
interpretation, one must remember that an apparently anomalous form of the 
upper one-dimensional potential curve could also be caused by an as3?mmetry of 
the potential surface of the excited state or other pecuharities of this state. 

Let r be the internuclear distance that will go to oo in the photodissociation 
process and let us assume that the potential function of the upper state depends 
linearly on r near the value of the lower state. Then the quasi- diatomic method 
outlined above leads to the conclusion [see Gordus and Bernstein (439)] that the 
absorption coefficient e for absorption from the v" = 0 state (for which ijj" = 
is given by 

or 

log s = log £„ - a(v„ - vf. (IV, 7) 

Here £„ and refer to the absorption maximum and a is a constant depending on 
^ and the slope of the upper state potential function. 



23 ^ ^ ^ 1 1 1 ■- 

^ W » 30 40 50 60 XlO^cm'"^ 

Fig. 175. M <» — r)® fur tfoe alisurptlcA coiitiiiiiijm of GHgBr 

after Gordus and Bomstein (45^). 
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It is indeed found in several cases that if log « is plotted against — f)^, a 
straight line is obtained in agreement with (IV, 7). Figure 175 sfiows this for 
CHsBr. Surprisingly such a straight-line plot is also obtained for the c*oiitiniious 
absorption of CCI4 even though this molecule can hardly be considerefl iis a qiiasi- 
diatomic molecule. It seems probable, however, that a quadratic d(‘p_ui<le!iee of 
log e on — v) will result in any molecule for which the repulsive part of the 
potential surface of the upper state directly above the equilibrium position of 
the lower state has its greatest slo{)e approximately in the direction of one of the 
normal coordinates. Therefore, many and perhaps most continua corresponding 
to direct dissociations follow the relation (IV, 7). But this conjecture remains to 
be confirmed both theoretically and exi)erimentally. 

Isotope shifts. Gordus and Bernstein (439) have compared the intensity 
distribution in different isotopes and find, for example for CHaBr and CDgBr, 
that except for a shift to the violet of 280 ( + 50) cm ~ b the two absorption curves 
agree. If CH3 — Br were entirely a quasi-diatomic case, one would have exj>ecte<i a 
narrowing by about 10^ o (be. an increase of the slope in Fig. 175) corresfKjnding to 
the change of the reduced mass and of the vibrational frequency. On the other 
hand, the shift should have been only 17 cm“^ since that is the change of zero-jx^int 
energy of the C — Br vibration. The difference between prediction and observation 
clearly shows the inadequacy of the quasi-diatomic approximation to repre.scuit 
the intensity distribution in continuous spectra of |)olyatomic molecules. The 
total change of zero-point energy in going from CHgBr to GD^Br is 1975 cm~^ 
From this value we have to subtract the change of zero-point eneri^y in the excited 
state near the conformation first reached in absorption. Unfortunately, this 
isotopic zero-point energy change in the excited state cannot be calculated since 
the frequencies of the remaining genuine vibrations are not known. The zero- 
point energy connected with the reaction coordinate is, of course, zero. We may 
conversely use the difference of the known zero-point change of the ground state 
and the observed shift as an observed value of the zero-point energy ciiange in the 
excited state (in the present case 1700 cm"^). 

Both upper and lower state without stable equilibrium position. 

When neither for the upper nor for the lower state a stable equilibrium position 
exists, we obtain continuous spectra close to the absorption (or emission) lines or 
bands of the separated groups. They can only arise in the process of collision and 
therefore, in general, produce simply a broadening of the lines or bands of the 
separated groups. For example, the potential function of the system Ne 4- O2 in 
its ground state has no minimum other than a van der Waals minimum. The 
same applies to many, though by no means all, of the excited states of the system. 
If a transition takes place from the unstable ground state in a conformation in 
which Ne and O2 are close to each other (i.e. for a <x>Ilision pair or quasi mol^uie) 
to an unstable excited state of the system a continuous apectram wMch wil 
be close to the al»0‘rption liaes or bands of He or O®. The ia^«sity tfae 
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rto produced will increase with the square of the pressure. Pressure broadening 
of Xe atomic lines by Og, and similarly of other atomic lines by diatomic and poly- 
atomic gases, or of molecular bands by foreign gases, may be understood in this 
way. We shall refrain from more detailed considerations since they would in most 
respects be similar to corresponding considerations for pairs of atoms (see Vol. I, 
p. 394). 

(b) Emission continua 

There are not many cases of emission continua which can be definitely assigned 
to a polyatomic molecule while, as was discussed in Volume I, there are many 
emission continua of diatomic molecules. 

Upper state continuous. Just as for diatomic molecules, a continuous 
emission spectrum may arise as a result of a radiative two -body recombination of 
two parts of the molecule. If the two parts, say X -f YZ, come together on the 
potential surface of an excited state, an electronic transition to the ground state 
may take place during the collision time, and since the kinetic energy of the 
colliding partners is not quantized, a continuous spectrum is emitted corresponding 
to molecule formation (recofnbination continuum). The short w^ave length limit 
of this continuum is a lower limit to the dissociation energy if the two partners are 
in their ground states. 

The w’ell-known green air afterglow may represent an example of such a 
process. The spectrum of this glow appears to be continuous and is now generally 
ascribed to the recombination process [see Kaufman (663)] 

0 + NO ^ NO 2 + hv. (IV, 8) 

The efficiency of this process has been determined by Kaufman (663) and Fontijn, 
Meyer and Schiff (392) who find that only one recombination in 10® to 10'^ collisions 
takes place. Such a low yield is to be expected for a two-body recombination if 
the radiative lifetime is 10"® sec while the duration of a collision is of the order 
10"^® sec. 

The collision time 10"^® sec corresponds to a simple to and fro motion. 
Actually, as we have seen, in general, a collision X + YZ proceeds via a more or 
less complicated Lissajous motion in the bowl whose minimum represents the 
equilibrium position of the XYZ molecule in the electronic state formed from 
X + YZ. The li^jous motion may appreciably lengthen the collision time and 
therefore increase the yield of the recombination reaction. The lengthening of 
the <»llisi>n time becomes rapidly larger as the number of atoms in the molecule 
increM^. At the same time this proce^ of recombination changes from being the 
iavei« of a direct cli»>ciatiott to the inverse of a predisaDciation by vibration (see 

' Sewal ewitmiia oteerted in ftsffnes. have been to radiative two-body 

recombini tions. For example, the continua observed by James and Sugden (621) 
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in hydrogen flame gases when traces of alkali elements (M) are present, have l^n 
assigned to 

M + OH-~^MOH + hv, (IV, 9) 

Similarly, the continuum observed in NO + Fa and NO + FaO flames has bc^en 
assigned by Johnston and Bertin (643) and Goodfriend and Woods (433) to the 
recombination 

F + NO-^FNO + Ai^. (IV, 9a) 

Emission continua observed in the afterglow of discharges through SO 2 and 8e02 
have been interpreted by Herman, Grenat and Akriche (568) (509) as produced by 
the recombination reactions: 


SO 4- 0 SO 2 + kv (IV, 10) 

SeO + 0 -> SeOa + hv. (IV, 10a) 

Without more detailed investigations it is difiicuit to be certain whether or not the 
observed spectra are true continua and if so, whether the interpretation given is 
the correct one. For more complicated molecules, such assignments wouhi l>e 
extremely difficult to make with any degree of assurance. 

Lower state continuous. In a transition from a stable up|>er state to the 
continuous range of a lower state, a continuous s{>ectrum is emittefl which in 
favorable cases could be very strong as showm by the diatomic examjiles of the 
and Hca continua. However, for polyatomic molecules no clear-t*ut examples 
have as yet been found. One reason for this lack of examples is that in tdectrie 
discharges polyatomic molecules are usually decomposed and (jnly rarely and iindei* 
very special conditions is an emission s|x^ctrum characteristic of the original 
molecule observed. 


3. Diffuse Spectra : Predissociation of Polyatomic Molecules 

If in any atomic system certain discrete energy levels, a, b.c of a series A 

have the same energy as a continuous range 3/ of energy levels joining on to a 
series B (see Fig. 176), the former assume to a small extent pro{>erties of the latter, 
that is, the levels a, b, c, . . . become diffuse, provided that certain selection rules 
are fulfilled. Since the continuous range 3/ corresponds to the system flying apart 
with various amounts of kinetic energy, the “mixing” of the eigenfunctions also 
means that once the system is in one of the discrete states a or 5 or c , . . . it will 
after a time find itself in the continuous range if, that is, it will fly apart. We 
have a radiationless decomposition process usually referred to as Auger process. 
When the continuous range of levels corresponds to di«xjiation, the piwess is 
called prediswciatim; when it corresponds to ionization, it 
or by many authors, mdo-kmizcMom. 

Predissociation occurs much more frequently in polyatoniic #iaii M 
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Fig. 176. Energy level diagram for the Auger procfess. The three uppermost levels 
(a, 6, c) of the series A are overlapped by the continuum M of the series B. To the extreme 
left the width of the levels is indicated schematically. The radiationless transitions from 
the discrete to the continuous state are indicated by horizontal arrows. The broken vertical 
arrows give the amount of kinetic energy" of the products. 


molecules because there are many more continuous ranges of energy levels corre- 
sponding to the various dissociation processes and because, at least for molecules 
of low symmetry, the selection rules are much less restrictive. 


Criteria for predissociation. The brief discussion just given of the nature 
of Auger processes makes it clear that predissociation can be recognized by the 
following three criteria: 

( 1 ) photochemical decomposition by absorption of light that brings the 
system to the levels which can undergo predissociation; 

( 2 ) broadening of the absorption lines or bands corresponding to these 
transitions; 

(3) weakening of the emission lin^ that have the “dijffuse” levels as upper 
levels. 

Tb® photochemical deromposition of the molecule occurs after a certain 
Ifetame T| in the discrete state. Hie connection between difihiseness and photo- 
^fescanpcwtwn was first establii^ed by Bonhoeffer and Farkas (129) when 
they showed that the photodewmposifaon of NH 3 produced by absorption in the 
bwajs iMir 2IIMI A {m& 1%. 179) occurs even at very low pressure, i.e. 

'Cf orffeicMS, wi^ a yMd. 
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According to the Heisenberg uncertainty relation, the product of the half- 
width 6 of a level and its lifetime is ^}ij2,TT\ and since the lifetime is the reciprocal 
of the radiationless transition probability, y, we have 


Ai A 

2tT Ti 2 tT 


{IV, 11) 


The radiationless decomposition wiO be readily observable only if the transi- 
tion probability y is not much smaller than the probability ^ of a radiative transition 
into lower states. Strictly speaking, in the Heisenberg relation, both radiative 
and radiationless transition probabilities must be included; the half- width of the 
level is then: 




Trl 


(IV, 12) 


where = I jp is the mean life with respect to radiation. For allowed transitions, 
Tj. is of the order 10"® sec and therefore, if y = 0, the line width is about 0.0005 
cm”^. This is the so-called natural line uidth. The actual line width in a non- 
predissociated spectrum is much larger on account of the Doppler effect, e.g. at 
room temperature at 40,000 cm~^ for a molecular weight of 40 this width is 0.08 
cm"^. Thus, only if y is more than one hundred times greater than P (i.e. 
Ti < 10"^° sec) will a broadening of the lines due to predissociation l>ecome 
noticeable. In other words, photochemical decomposition caused by predis- 
sociation may be observed long before a broadening of the lines Incomes noticeable: 
broadening is a very insensitive criterion of predissoeiation. If diifuseness is 
observed, the yield of the photodecomposition (whicii is given by y (y -f ^}l 
always very close to 1. 

The weakening of the emission lines (third criterion) is in general detectable 
only if a series of lines (a branch) or of bands (a progression) is observed. This 
series will break off suddenly or will show a sudden lowering of the intensity if at a 
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Fig. 177. Breatoig-oiff in tiie rotational (K) stroctore of tite caniroicMi baads €*f 
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certain rotational or vibrational quantum number predissociation becomes possible 
with a sufficient probability. If, for example, at this point the radiationless 
transition probability y were about equal to the radiative transition probability jS, 
there would be a sudden drop in the intensity of emission by 50 per cent which 
would be easy to observe. The breaking-off in emission is therefore also a much 
more sensitive criterion of predissociation than the diffuseness in absorption, but 
it is not as sensitive as the photochemical decomposition. 

In diatomic molecules a breaking-off in emission has been observed in many 
instances, but for polyatomic molecules up to now only a single example is known, 
namely the breaking-off in the emission spectrum of HNO recently found by 
Clement and Ramsay (204). One of their spectra is shown in Fig. 177. The 
breaking-off at K = 13 in the 0—0 band is clearly visible. 

Types of predissociation. Three main cases of predissociation may be 
distinguished (see Vol. I, p. 413) which may be briefly referred to as (I) predissocia- 
tion by electronic transition, (II) predissociation by vibration, and (III) predis- 
sociation by rotation. 

In the first case (I), the dissociation continuum that causes the radiationless 
decomposition (see Fig. 176) belongs to another electronic state than that to which 
the discrete levels belong. Just as for diatomic molecules, we must distinguish 
two sub-cases, one in which the two electronic states have different species: 
heterogeneous predissociation, and one in which they have the same species: 
homogeneovs predissociation. 

In the second case (II) of predissociation, the dissociation continuum belongs 
to the same electronic state but joins on to a lower dissociation limit than that to 
which the series of ‘‘discrete” levels converges. Only the vibrational motion is 
changed in the predissociation process (predissociation by vibration). Unlike case 
I, here a decomposition can occur in a purely classical way as a result of the 
Lissajous motion of the image point on the multidimensional potential surface 
(see Fig. 163). 

In the third case (III) of predissociation, the dissociation continuum belongs 
to the same electronic state and the same series of vibrational levels as the 
“discrete” higher rotational levels of a given stable vibrational level. In this 
predissociation process rotational energy is transformed into vibrational energy 
(predis»3ciation by rotation). The higher rotational levels are mechanically 
unstable (see Vol. I, p. 425f), and a dissociation can occxir in a purely classical way, 
aa in csase II. 

Selection rules for predissociation. For an understanding of the selection 
i»* predi®(xmtion, it is important to realize that in a continuous range of 
lev^ the rotational quantum numbers J and K and the symmetry 
pmspaMm of the rotational levels are still wdOl defined Just as are the electronic 
total spm, ete. A noa-Mro value oiJ m K in the continuum rn'Cans that 
the two of tibe mclecub fij apart (or a|^:oaA other) with a certahi 
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angular momentum, that is, the as5rmptotic directions of motion of the two parts 
do not intersect. The energy differences corresponding to different J or JT values 
are, of course, zero at infinite distance of the parts, that is, at ever}’' energy in the 
continuum all J and K values are represented. 

According to Kronig (see VoL I, p. 416), the following rigorous selection rules 
hold for predissociation of linear molecules: 

AJ = 0, (IV, 13) 

Here + and — refer to the behavior of the total eigenfunction with respect to 
inversion, w^hile s and a refer to the behavior with respect to exchange of identical 
nuclei (see Chap. I, p. 70f). 

As a consequence of the first two selection rules (IV, 13), only one A-doubling 
component of a 11 state of a linear molecule can be predissociated by a S state 
(see Vol. I, Fig. 183, p. 417); but if the molecule dissociates into a non-linear 
conformation, both components could predissociate since then there would be levels 
with either parity for each J. 

For non-linear molecules, the selection rule for J and for parity must obviously 
be the same while the rule s ^ ais replaced by a coiTes|X)nding rule for the over-all 
species according to the rotational subgroup (the same as for optical transition.s, 
see pp. 223 and 246). How’ever, these rules introduce even fewer restrictions than 
for linear molecules. No example in which the selection rules (I\', 13) exclude a 
certain predissociation has yet been found for a polyatomic molecule. 

In addition to the rigorous rules (IV, 13) there are a number of apprarimatf 
selection rules. For the spin quantum number we have, as for diatomic molecules. 

\S = 0 {l\\ 14 | 

which holds when spin-orbit coupling is small. For diatcjmic molecules a number 
of violations of this rule have been found, but all of them are based on observations 
of breaking-off in emission for which the sensitivity of detection is high. Rather 
strong spin-orbit coupling would be required to make a predissociation violating 
the rule (IV, 14) detectable by broadening of lines in absorption either in diatomic 
or polyatomic molecules. 

For linear molecules, when A is defined, we have the additional (approximate) 
selection rules 

AA =0, or A A = ± 1 (IV, 15) 

corresponding to homogeneous and heterogeneous predissociations respectively. 
For the predissociations with AA = 0 and A = 0 we have 

(IV, 16) 

As long as vibronic interactions can be neglected (see below), heterc^eneous 
prwiissociations (with A A = ± I ) occur only on account of the interaction of 
rotation and electronic motion and therefore for them the transition probability 
increases as J{J + 1); it vanish^ for J = 0. Binm for polyatomic iiimr mote- 
cul^, except for the hydrides XH 2 , the rotational veloraties mm raoaiter timm 
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diatomic* molecules, the heterogeneous predissociations are in general much weaker 
than in diatomic molecules. Because of the rigorous rules (IV, 13) E+ — S~ 
predissociations cannot be made allowed by the interaction of rotation and 
electronic motion; they do, however, become possible for 2 states with S 
when spin-orbit coupling is large. 

If the quantum numbers 2 or N are defined in a linear molecule (Hund’s case 
(a) and (b) respectively, see p. 19 and p. 73), we have the selection rules (just as in 
the diatomic case) 

A2 = 0 or NN = 0, (IV, 17) 

provided that NS = 0. For intercombinations (NS # 0) and in Hund’s case (c) 
the rules (IV, 15), (IV, 16) and (IV, 17) would have to be replaced by 

Nil = 0, or AO = ± 1 (IV, 18) 

and 

(IV, 19) 

The selection rule NN = 0 is also valid for the predissociation of non-linear 
molecules as long as spin-orbit coupling is small. 

In symmetric top molecules w*e have the analogue of the rule (IV, 15), viz: 

AZ = 0, ±1. (IV, 20) 

Again the radiationless transitions with NK = 0 are independent of J ; those with 
Air = ± 1 have a probability proportional to J(J + 1). 

The selection rules discussed so far are readily derived from the expression for 
the radiationless transition probability first given by Wentzel (see Vol. I, p. 407), 
viz: 

y = ^ 1 W>l,,dr. (IV. 21) 

Here and are the w'ave functions of the discrete and the continuous state 
respectively, and W is the perturbation function representing certain neglected 
terms in the Hamiltonian. Since W is totally symmetric, it follows immediately 
that the states n and i must have the same species in order that a non- vanishing 
transition probability be obtained. In other wmrds, w^e have the selection rule 

r„ = ri (IV, 22) 

if and Fj reprint the species of the discrete and the continuous state. 

The selection rule (IV, 22) holds rigorously for the over-all species only, but 
if we can separate electronic, vibrational and rotational motion so that 

# = and W = -P -P (IV, 23) 

we SM mmsdMrfy that (IV, 21), and therefore {IV, 22), can be appHed to the 
dwIrcmiB wave fenctioiis 8^p«ately, that is, we have the selection rule 


^ It. 


(IV, 24) 
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In this approximation therefore only predissociations between electronic states of 
the same species, that is, homogeneous predissociations, are possible, e.g. for linear 
molecules only predissociations with AA = 0. Similarly, in this approximation 
the vibrational species of the two states must be the same, i.e. 


If, as often happens, the equilibrium conformation in the two states is different 
the selection rules (IV, 22, 24 and 25) refer to the species of the point group formwl 
from the joint elements of symmetry^. Since, in addition, in the state i in general 
all vibrational species are available for a given energy (because w^e are in a con- 
tinuous range), it is clear that the vibrational selection rule (EV, 25) does not lead 
to any significant restriction of the possibilities of predissociation. 

If now the interaction of rotation and electronic motion is no longer neglected 
heterogeneous predissociations become possible, that is, predissociations for which 
the electronic species F® does not remain the same. A more detailed consideration 
show’s that a heterogeneous predissociation is possible on account of interaction of 
rotation and electronic motion if the species of the two states differ by the s{>ecies 
F’" of a rotation, that is, 


rj X F = Ff. (IV, 26) 

Such a predissociation increases with the particular rotation and is riuorouslv 
forbidden for zero rotation. For example, an AJ state of a molecule could he 
predissociated by an Al state if the molecule is rotating about the c-axis { I': == j . | 
and by an E' state if it is rotating about an axis perpendicular to c (F^. ^ = £”1 
but it could not be predissociated by A'l, A 2 or F" states. Siniiiarly, an A ^ state 
of a C 2 V molecule can be predissociated by an A 2 or Bi or B 2 state, de|>en(ling 
whether the molecule rotates about the y- or jr-axis. The rule (IV, 26) includes, 
of course, the linear case, i.e., the possibility of predissociations with A A = + | 
If finally we introduce the interaction of vibration and electronic motion (vibronie 
interaction) the resolution (IV, 23) of ijj into a product of ipg and and of IF into 
Ife longer possible. We obtain in that case from the general rule 

(IV, 22) the selection rule 

= Ff’^ (IV, 27) 

where F®^ is the vibronie species. Thus only states of the same vibronie species can 
predissociate into each other. Here as before the point group is that of the joint 
elements of symmetry. 

We see immediately from the selection rule (IV, 27} that radiationless transi- 
tions that are forbidden by the electronic selection rule {IV, 24) can be made 


® If there is no po'teafeial mmimnm for one of th© sfcat«, we mast a®e tim of 

potential function-, 
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allowed by vibronic interactions. For example, in a linear molecule a radiationless 
transition between a 11 and a A electronic state is forbidden for zero rotation. But 
if the bending vibration is singly excited in the FI state, the vibronic states S , S , 
A result, of which the last can be predissociated by the A electronic state; or if the 
bending vibration is excited in the A state resulting in FI and 0 vibronic states, the 
former can be predissociated by the FI electronic state. Thus, FI — A predissocia- 
tions can be caused not only by rotational-electronic interactions, but also by 
vibronic interactions. Unlike rotational-electronic interactions, vibronic inter- 
actions can in principle (see below) also cause S~A (or even S — O, etc.) pre- 
dissociations: if in the S state the bending vibration is doubly excited, we have a 
S and a A vibronic level, of which the latter can interact with the A electronic 
state; alternatively, if in both states the bending vibration is singly excited, a 11 
vibronic state arises in each, and these FI states can predissociate into each other. 

Similarly in a non-linear molecule, say of point group we can expect 
predissociation of a ^A^ electronic state by a electronic state if either in the 
one or the other state a degenerate vibration of type E' is singly (or multiply) 
excited, since again we obtain then two states of the same vibronic symmetry 
(E"" if E* is excited in but A 2 if it is excited in ^E"). In this case the pre- 
dissociation cannot be produced by rotational- electronic interaction since there is 
no rotation of species E'. 

In the preceding examples we have assumed that in the ‘"discrete” and the 
continuous state the molecule has the same symmetry of the equilibrium position 
or that, if there is no equilibrium position of the continuous state, the symmetry of 
the potential function is the same in the two states. Often the symmetry will be 
different. For example, if we consider the predissociation of a planar symmetrical 
XY3 molecule (point group Da^) into XY2 + Y, the symmetry in the state causing 
the predissociation is likely to be Csu- If the dissociated state has the (electronic) 
species it could in a first approximation not cause the predissociation of a 2 
state of D^h since goes into of (see Appendix IV) and the selection rule 
(IV, 24) is not fulfilled. However, if in the state the out-of-plane vibration 
(species AJ) is excited, alternate vibrational levels have vibronic species which 
in C 2 V goes into Ai and can thus, according to (IV, 27), predissociate into ^Ai. 

A more detailed consideration shows that several stages of vibronically 
produced predissociations may be distinguished. The strongest vibronically 
induced predissociations are those in w’hich the two electronic species differ only 
by the species of one (non-totally symmetric) normal vibration. This was the case 
in most of the examples given above. If the excitation of two quanta of a vibration 
in (me, or one quantum in each electronic state is required, as in the example of a 
S— A prediffiociation, then the radiationless transition probability is much smaller 
tibaa m the fir^ aw, and if three quanta are required, the transition probability is 
nmcli In what fdObws we shall disr^ard the possibility of pre- 

find# require excitation of mcnre than one quantum of vibration. 

, ' Aat induce « det^roniodly forbidden predissociation can be 

excited in the state » or the state $ . If for any reason it is excited in n only, 



IV, 3 


DIFFUSE SPECTRA 


463 


we shall find that none of the strong absorption bands {at low temperature) which 
involve totally symmetric vibrational levels (see Chap. II, section 2b) will show 
diffuseness, and only the weak bands corresponding to a forbidden component of 
the dipole moment will do so. On the other hand, the strong bands will l>e diffuse 
w’hen the non-totally symmetric vibration is excited in the continuous (i) state. 
It is difficult to predict whether vibronic interaction is more effective in state n or 
state i [see Sponer and Teller (1155)]. 

If both vibronic and electronic-rotational interaction are taken into account we 
must again make use of the rule (IV, 26) except that in it we have to replace the 
electronic species F® by the vibronic species F®^’. As a consequence, vibronieally 
heterogeneous predissociations may occur if the two vibronic species differ by the 
species of a rotation. Such predissociations will again increase in probability as 
the rotation about the axis corresponding to F’' increases. How’ever, practically, 
for non-linear molecules this rotation- induced predissociation is not very important 
since in most cases suitable vibronic interactions can cause the same predissociation 
more readily. 

Case I of predissociation. For the occurrence of a strong predLssociation 
of one electronic state by interaction with another one, it is not sufficient that all 
the preceding selection rules are obeyed: predissociation will strong only if, in 
addition, the Franck-Condon principle is fulfilled for the radiationless transition, 
that is, if the two potential surfaces intersect or at least come very close to eaeii 
other. The arguments for this conclusion are essentially the same as fur diatoinic 
molecules (see Vol. I, p. 420f) and will not be re|)eated here. 

For a homogeneous predissociation an intersection of |Hjtential surface?? dues 
in general not arise except for Teller’s conical intersections (see p. 443). Rather, 
we may have the situation illustrated in one dimension in Fig. 17Sa. If the system 
is at the level E, it can dissociate without going from one potential surface to 
another; it simply remains on the lowest one shown. From this point of view this 
would be a predissociation of type II or III without an electronic transition. Just 
as for diatomic molecules one must, however, consider the degree of deviation from 
the “original” pair of intersecting potential surfaces (broken-line correlation). 
If, on approaching the point of intersection with non-zero velocity, there is a 
non-zero probability that the molecule will go to F rather than to H and also a 
finite probability of going back to E rather than 6r, then we must clearly c^onsider 
this as predissociation by electronic transition. However, if the interaction 
between the two states is very large so that in effect two new’ states result, as in 
Fig. 178b, then a transition from one to the other resulting state will no longer 
take place, and any diffuseness found must be ascribed to case II (or III). The 
dividing line between case I and II (or III) is, of course, not sharp: when the tw’o 
resulting curves are separated by an energy of the order of a vibrational quantum, 
they can equally well be assigned to the one as to the other type. 

The predissociation of NH^ at 2170 A, one of the first to be re<x)gEti»d m siMak, 

r^sently been re-inv^agated by Douglas (204). He Imw fouiMi in 
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Fig. 178. Weakly and strongly interacting potential surfaces. In (a) there is a near- 
interaection, in. (b) interaction is so strong that it is no longer possible to speak about an inter- 
section. 

the line width of the individual rotational lines decreases in going from the 0—0 
to the 1—0 band but then increases markedly to a fairly constant value in the 
2-0, 3 — 0, 4 — 0, .. . bands. For the latter bands the line width is so large that 
individual rotational lines cannot be recognized, but the band width remains fairly 
constant and the bands are well separated as shown by Fig. 179. In view of the 
great width of the lines (2.5 cm" Mn the 0-0 band) and the low atomic number of 
the atoms involved, one must assume that the rule = 0 is obeyed, that is, that 
the state causing the predissociation has the same multiplicity as the upper state 
of the bands, viz., singlet. Since the predissociation limit is at less than 5.7 eV 
above the ground state, the dissociation products cannot be N + 3H (or NH + 2H) 
but must be either NE 2 + H or NH(^A) + H 2 (^S). 

2108.7 A 



15-0 iO-O 5-0 0-0 

17®, ' in tiie A— X iMiids Spectrogranw at four different 
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Experimentally only a photodecomposition into NH2 4- H has been found and 
this is the only alternative that we shall consider here. Figure 180 shows a 
potential diagram as a function of the H — NH2 distance (r). At large r w hen the 
point group is C2U there are two singlet states, ^Bi and ^-4^, corresponding to the 


Fig. 180. Potential functions of the lowest 
electronic states of NH 3 as a function of the 
H — NH 2 distance [after Douglas (294)]. The 
two broken-line curves are zero-approximation 
curves which give rise to the two states 
shown. 



two lowest states and of NHg. Of these two states ^4^ must correlate 
with the '^A'l ground state in the planar symmetrical conformation of XH3. 

The ‘‘discrete” upper state of the 2170 A bands is (see Chap. V, section 2a) 
which in point group becomes In view of tlie selection rule (IV, 24), 

an allowed predissociation is therefore possible only into the ^B^ state at large r, 
that is into NH2(^^i) + H. Thus the NH2 formed is in its ground state. The 
allowed nature of this predissociation is in agreement with the fact that no depen- 
dence on J has been found. It is however not clear how to account for the presenc*e 
of two ^^2 states in the molecule if they are as close together as seems to be required 
(see Fig. 180). The electron configuration gives only one state in this energy 
range, derived from 3s of the united atom. 

The strong diffuseness observed in the absorption bands of CH3 near 2160 A 
is apparently produced by a predissociation similar to that of NH3 except that 
here from the ground state (^A^) only the tw'o lowest vibrational levels of the 
excited state (^A[) are reached with any intensity. The state causing the pre- 
dissociation is in all probability q,^A^ state of the system CH2 4- H. Such a state 
can only arise from CH2 in the lowest singlet state hut not from the low«fc 
triplet state 

In 'diatomic m'Olecui^' the probabilty of prwUMKmtKm is ofl« iwiai to 
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decrease in a progression of bands after a fairly pronounced maximum because the 
system goes through the point of intersection more and more rapidly and therefore 
has less and less time to switch over to the other electronic state. This is expected 
from the Franck-Condon principle (Vol. I, p. 423) and indeed, more detailed 
(independent) calculations by Zener (1331), Landau (719) and Stueckelberg (1172) 
have shown that such a dependence of the result of passing through the crossing 
point on the speed of the particles must necessarily occur^. 

For polyatomic molecules such a decrease of diffuseness in a series of absorp- 
tion bands at shorter wave lengths has been observed only rarely. It does occur 
in a progression of bands in the far ultraviolet absorption spectrum of HgO first 
observed by Henning (494) and in the progression of visible absorption bands of 
HNO 2 described by Melvin and Wulf (820). In these two cases apparently the 
vibrational motion in the excited state is quasi- diatomic as indicated by the 
observation of a single progression, and therefore the predissociation behaves in the 
same way as for diatomic molecules. In most other cases there is a Lissajous 
motion in the excited state. In that event we may expect the radiationless transi- 
tion probability to depend inversely on the component of the velocity at right 
angles to the ridge (which in the polyatomic case replaces the point of intersection 
in the diatomic or quasi-diatomie case). This component may be small even if 
the vibrational energy is large and therefore there is no reason for a decrease of the 
transition probability with increasing energy, that is, even at fairly high energy 
above the limit, predissociation can occur with undiminished intensity. The pre- 
dissociation in the first excited state of NH 3 (see Fig. 179) is an example: as 
mentioned before, the diffuseness of the bands does not change much from t ;2 = 2 
on. 


The initial decrease of diffuseness from i'2 = 0 to = 1 observed in ND3, as 
pointed out by Longuet -Higgins (private discussion), may be connected with the fact 
that the vibrational symmetry of the V2 = 1 state is A2, that is, the wave function of 
this state has a nodal plane in the plane of the molecule. 

In many diffuse spectra of polyatomic molecules the diffuseness sets in very 
gradually and continues to increase at shorter and shorter wave lengths until a 
continuum is produced. Striking examples of this type are found in the longest 
wave length absorption systems of HCN [from 1800 to 1570 A, Herzberg and Innes 
(527)] and CIO 2 [from 3750 to 2700 A; see Finkelnburg and Schumacher (384)]. 
The reasons for this behavior were first clearly recognized by Franck, Sponer and 
Teller (397): 

( 1 ) If a simple progr^ion of bands occurs in absorption, that is, if the corre- 
sponding motion of the image point on the potential surface is one-dimensional, 
predfesoemtion wil start only (according to the Franck-Condon principle) 
wImi Ih© oi»-diin«i^ngd motion mashes the line of intersection of the two 
polenIM sarfeo^. In general this lin^ will be at the top of a ridge formed firom 

‘‘‘T^ formula derived by (toown ae ti» fo-rmula)' has, 

to recjeat work by B^tes aad -GociiscwiL 'aad (M4|, oialy vwy limited 
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the two surfaces. No predissociation can occur for enei^ies less than the minimum 
of the ridge. If the line representing the one-dimensional vibration intereects the 
ridge at a point other than the minimum only weak predissoeiation can occur for 
energies between that of the minimum and the point of intersection. This weak 
predissociation takes place because anharmonicity or zero-|K)int motion in the 
other normal vibrations may lead the image point off the one-dimensional motion, 
and this effect increases with increasing energy above the minimum of the ridge, 
until the full strength of predissociation is reached at the point of intersection. 
An example would be represented by the two potential surfaces, Fig. 163 and Fig. 
164, if the symmetric stretching vibration is excited in the first surface and the 
difference in multiplicity is disregarded. Predissoeiation could start very weakly 
at an energy corresponding to the point B (except for the effect of tunneling). 
An actual example is probably CIO 2 for w'hich, even though it is not linear, the 
potential surfaces are similar to Figs. 163 and 164. Since the potential surface 
has always more than two dimensions, a similar situation may also arise for a tw'o- 
or higher-dimensional motion of the image point, that is, when two or more, but 
not all, vibrations are excited. 

(2) If the motion of the image point has the same number of dimensions as the 
potential surface (as drawn), the Lissajous motion will fill every point of the 
potential surface w^hich has an energy less than the eneify of the system (and 
W’hich is not separated by a barrier from the minimum). Therefore, as soon as the 
energy is higher than the low’est point of the ridge of intersection (assuming it to 
be above a dissociation limit), predissociation can take place. However, if the 
energy of the molecule is Just sufficient to reach the lowest point of the ridge, 
predissociation is possible only in one particular conformation, and in general 
(classically) it takes considerable time before this conformation is reached during 
the Lissajous motion. As the energy is increased, a greater part of the ridge is 
accessible to the image point, and consequently, it takes less time for predissociation 
to occur. To the gradual decrease of the (classical) lifetime corresponds an increase 
in line width [see eq. (IV, 11)] and thus again the diffuseness of the absorption 
bands wiU increase gradually. Depending on the shape of the potential surface 
the increase of diffuseness may be very slow*. An example is the first predissocia- 
tion of HCN mentioned earlier, w’here, as in ClOg. the beginning of the diffuseness 
is very gradual, but w’here (unlike CIO 2 ) at least tw’o vibrations are prominent in 
the spectrum, and therefore the motion of the image point is more complicated. 

An additional cause for lack of sharpness of the predissociation limit is provided 
by the “ tunnd effeeP' in cases in which the lewdest point of the ridge of intereection 
is above the dissociation limit. However, in general, Just as for diatomic mole- 
cules, this effect is quite small except when hydrogen atoms are dis«>ciating off 
the molecule. In the latter emse the presence of the tunnel effect is often strikir^Iy 
demonstrated by the widely different diffusene^ in some of the alworption bands of 
isotopic molecules when H is replaced by D. 

As an example, we refe* to the p'revious Mg. % (p. 227) irMcb sbowB tke 21@6 A 
absorptaon band <£ ‘dS® and fer comparkon, the csorr^^idii^ band rf CII>« 
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2140 A. In the former the line width is so large that individual lines are not 
recognizable, while in the latter they are recognizable even though they are still 
broad. At least part of the difference in this and similar cases is due to the fact 
that D atoms go through a given barrier much less easily than H atoms, but 
another part is due to the fact that the width of the barrier through which the D 
atom has to tunnel” is greater than for the H atom since the vibrational level of 
the upper state lies lower on account of the lower zero-point energy. 

Similar differences in diffuseness between hydrides and deuterides have been 
found for CHg (see Fig. 185, p. 491), NH 3 [Douglas (294)], HgO (see Fig. 112, 
p. 265) and H 2 S [Johns (634)]. For CHg a change of diffuseness has even been 
observed in going from to For HgS one electronic transition shows 

the opposite effect, i.e. a widening of the lines upon deuteration. In this case 
clearly it cannot be a tunnel effect that is responsible for the diffuseness. Appar- 
ently here the ridge of intersection lies below the excited states of both HgS 
and DgS and for HgS which has the higher zero-point energy the discrete levels 
are above the region of maximum predissociation probability. 

Dependence on J and K. As mentioned earlier, heterogeneous predis- 
sociations can occur on account of interaction of rotation and electronic motion. 
Such predissociations dan be recognized by the dependence of the diffuseness on J 
and K: no predissociation can occur for zero rotation. A clear dependence on K 
has been observed for HCN in the A state in which the molecule is non-linear. 
Bands of the A~~X system with higher K' values, when they are sufficiently 
resolved, show a greater diffuseness than bands with lower K’ of about the same 
energy [Herzberg and Innes (527)]. To be sure, in this case at somewhat higher 
energy predissociation occurs also for K' = 0 , that is, a homogeneous predissocia- 
tion can also occur, but the heterogeneous one occurs at lower energy. 

A somewhat similar case occurs in HCO [Herzberg and Ramsay (538)]. In 
the excited state of the red absorption bands, in which the molecule is linear, only 
the levels with Z' = 0 are found to be relatively sharp, while those with 1' ~ 1,2,,.. 
are quite diffuse. The excited state or “) as well as the ground state (^A') 
is derived from of the linear conformation (see p. 28) which in turn is derived 
from CQ(®n) -f H(^ 8 ') as shown schematically in Fig. 181 [see Johns, Priddle and 
Ramsay (638)]. The ground state of CO leads to a state of HCO in the 
linear conformation or ^A' in the bent conformation. The intersection of this 
^A* state with the ground state is avoided (see the fuU-line curves in Fig. 
181) £ynd therefore the ground state will dissociate over a potential barrier into 
CO{^£) -f H(^iS). The predissociation of the excited {^A") state must take place 
inio this same state since the energy of the ffirst excited state of the products is 
iniidh too high. Hius the predissociation is heterogeneous (^S"" -> for the 
Miiear ami for the bent conformation). It can arise either by inter- 

aetio® wiili rotation about the a-axis or by interaction with the over-all 

roteticm, *Il!^ icKiiiier mteffaetion the very starc®^ '.diffuseness for aE levels 

with ¥ > 'expected. 'to l^^.to an increasing 'diffusen^ in the 
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bands having V = 0 with increasing J; such a variation has indeed been ob- 
served. The r > 0 levels correspond to the K' > 0 levels of a non-linear 
molecule. 

Finally, in the 1240 A band of H 2 O shown in the previous Fig. 1 12, a diffiise- 
ness of the lines is seen which increases strongly for the higher J (and A'| values. 



Fig. 181. Correlation of electronic states 
of HCO to those of H + GO [after Johns, 
Priddle and Ramsay (638)]. The two 

observed states of HCO eorresf>oiid to of the 
linear conformation. In the upjx^r one of the 
two states the molecule is linear; th<,'nTort-^ this 
state is equivalent to a " state. 


Again we conclude that this is a heterogeneous predissociation. Since tiie 
upper state of the bands has species Bi, and therefore A'' with re.speet to tlie point 
group C 5 of H 4- OH, the state causing the predissociation must be A' if this is to 
be a heterogeneous predissociation. Such a state arises both from and 

from OH(^S). The A' state arising from OH{^n) is in all probability the ground 
state of H 2 O which is not likely to intersect the state in such a way as to eaust* 
predissociation. But the A' state from OH(^S) has its lowest dissociation limit 
at 8.4 eV above the ground state of HgO and is thus quite likely to cause pre- 
dissociation in the B^ state at 10.0 eV. 

An extreme case of a dependence of the predissoeiation probability on J or K 
arises, of course, when the predissociation limit falls within a series of rotational 
levels, and as a consequence, a sudden increase of line width in absorption or a 
sudden breaking-off in emission is observed. Such a rapid change at a certain K 
or J value would be independent of whether the predissociation is homogeneous or 
heterogeneous. The only clear-cut case thus far known in polyatomic molecules is 
that of HNO [Clement and Ramsay (2()4)] where both breaking off in emission and 
diffuseness in absorption have been observed (Fig. 177). 

Case H of predissociation. As mentioned before, the dividing line between 
case I and II of predissociation is far from sharp. In principle, the difference k 
that in case II dissociation can occur in a purely way wiieii^v^ ti» 
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image point representing the vibrationaul motion reaches an appropriate saddle 
point of the potential surface, while in ease I in addition an electronic transition 
must occur whose probability is less than one, Im other words, in case I pre- 
dissociation, not every time the ridge oC intcrse cti on (saddle) is reached does a 
dissociation occur but only for a fraction cc of su.ch. favorable conformations^. 
If a is very small for a given case I predissociation., for example for a triplet-singlet 
intercombination, then there is no problem in disttinguishing it from a case II 
predissociation. However, if a is larger than say AjlO, a distinction is difficult, 
particularly for excited electronic states. A few nec^essary conditions for identify- 
ing a given predissociation as case II are readily e stai/tlished, but none of them are 
sufficient: 

(1) Except for very peculiar shapes of the po t&ntial surfaces (which might be 
brought about by interaction with other electronic states), one would 
expect that in case II the diffuseness increasejs fairly rapidly with increasing 
energy above the limit. 

(2) Case II predissociation is more lihely to laa^ppen when several vibrations 
are simultaneously excited, that is, whem tlxe spectrum does not simply 
consist of a single progression. 

(3) Since case II is by definition a homogeneous, predissociation, there can be 
no strong dependence on J and IT, 

(4) The correlation rules must be fuLfilled, that is, the state undergoing pre- 
dissociation must be obtainable firom the asisumed dissociation products. 

(5) The dissociation energy of the (excited) stsate necessary to account for the 
predissociation limit must be reasonable. 

Even if all these conditions are fulfilled in agiv«en case, they do not entirely 
exclude the possibility that the predissociation under consideration belongs to 
case I. For example, the predissociation jEbnndin th*e longest wavelength absorp- 
tion system of NO 2 [see Henri (20) (498) and Fig. 19>2 below] does fulfill the first 
four of the above conditions. Hut it is difficult to say whether the small dissocia- 
tion energy of the excited state, which would result from the assumption of case II, 
is reasonable [condition (5)]. Similarly, tHe predisssocciation of H 2 CO near 2750 A 
fulfils the criteria (1) to (3), and criterion (4) ean be miade to fit if dissociation into 
H -f HCO, with HCO in the excited (»2-) state, is assumed, but the dissocia- 
tion enei^y of the excited state would haweto he reiy low. Unfortunately the 
present knowledge about the C — H stretcMng vibrations in the excited state 
is insufficient to say whether such a low D ?alu*e is reasonable. However, 
the low value for the dissociation energy Z>(H — KCO) in the ground state 
which would r^ult makes this interpretafcioa very doubtful. In all probability 
Ab is »se I predi«Dciation. 

* Stewtiy y im'kfaig itt qnstttum if no secwDud, efectronic stefce is present, the 

mtxwmg '€i m> taeriar 4«w not fwocseed th® probab-ility 1, but with a sii^tly smaller 
probability; howovw, m. all casKt in Wbidi th© of the s^rstem is groater than that of the 

barrio, probability k greate- ttean fsee Ml (106i)]. 



IV, 3 


DIFFUSE SPECTRA 


471 


Unimolecular decompositions. One can be much more certain of having 
a case II predissociation if it is the ground state of the molecule that is predis- 
sociating. Spectroscopically such a predissociation can be invest igateil only in 
emission by observing transitions from a stable excited state to the higher vibra- 
tional levels of the ground state. No examples of this type have yet tmm found. 

Chemically, case II predissociations of electronic ground states are well known 
as unimolecular decompositions. Such decompositions are observed when a given 
molecular gas is heated to a sufficiently high temperature. Thermal collisioiLs 
bring the molecules into vibrational levels above the lowest dissociation limit, and 
the spontaneous decomposition process (predissociation by vibration) sets in. 
The lifetime before decomposition is greater than the time for a simple oscillation 
(10"^^ sec) and, therefore, also greater than the collision time. If the lifetime is 
greater than the time betw^een successive collisions, deactivation may occur before 
the decomposition has taken place. When the pressure is sufficiently high, the 
number of molecules decomposing per second dej^ends only on the number of 
activated molecules (which in turn depends only on the temj>erature), and we 
have an exponential decay as in radioactive decay, the decay constant (rate 
constant) being proportional to the probability y of the radiationless transition. 
Several cases of this type are known [see Slater (36), Bice (1070)] and mu.st 
definitely be ascribed to case II predissociations even though in the literatim* on 
the subject the situation is usually not expressed in this way. At low pressures 
the reaction rate is determined by the rate of activation since every molecule once 
activated will decompose. Therefore in this low pressure region the dee<jin|M.»sition 
reaction is of second order. 

In addition to unimolecular reactions caused by ease II predissoeiations. there 
are also unimolecular reactions for which case I predissoeiatiori is responsible. 
This happens when the lowest dissociation limit cannot l>e correlated with the 
ground electronic state. For example for NgO the ground .state cannot l>e 
correlated with the lowest state of N 2 + 0 which is a triplet state 4- 
Thus, when N 2 O is thermally activated to an energy above the lowest dissociation 
limit it has a much longer lifetime than expected on the basis of case II predis- 
sociation because a forbidden electronic transition (singlet —^triplet) is required, 
i.e. not every time the image point reaches a favorable position, but only in a very 
smaU fraction of these favorable instants does a switch-over to the triplet state and 
therefore a dissociation occur [Herzberg (518), Lindars and Hinsheiw«xKi {754|j. 
On account of the longer lifetime, an exponential decay is observable to much 
lower pressures than w'ould otherwise be the case. A similar situation would arise 
in CO 2 , but its thermal decompc^ition requires much higher temperatures and has 
not yet been studied. (See, however, the discu^ion of the inverse reaction on 
p. 477f.) 

Another example of case I and c^se II pr^^ociatioiis, cicely related to 
ujoimolecular decompositions, is provided by the “metastable” ioite ofcteerved in 
mass specta'ometiy Field amd FranMin (14)]. Mm& ftwnoi irdativdiy 

Jilliisift pMtoi of int«sity at non-int^nd in ti» 
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and have been showTi to result from the spontaneous dissociation of ions after they 
have been accelerated but before they enter very far into the analyzing field. 
When the occurrence of these “metastable’’ ions can be shown to be independent 
of collisions (as is often the case), that is, if the dissociation is spontaneous, it must 
clearly be a radiationless phenomenon, that is, it must be predissociation. 

The lifetime t, of the parent ions before decomposition must be of the order of 
the time for them to move from the accelerating field to the analyzing field, that is, 
of the order of lb“® see. Thus the predissociation is a very slow^ one. At the 
same time the radiative lifetime for transitions to lower stable states must also 
be of this order or larger, that is, they must be metastable in the usual optical 
sense. But metastability while necessary is not the principal characteristic of the 
“metastable” ions; the principal characteristic is their spontaneous decomposition 
and it would have been better to call them predissociating ions: by no means all 
optically metastable ions predissociate. 

To account for metastability (r^ ^ 10"^ sec) we must assume that the 
“metastable” ions are either in high vibrational levels of the ground state 
[tj > 10~^ sec) or in an excited electronic state which cannot easily combine with 
any lower stable state. To account for the long radiationless lifetime tj we have 
to assume that either we have case II predissociation (if the number of atoms is 
large enough so that the Lissajous motion is sufficiently complicated) or a case I 
predissociation that is strongly forbidden. 

For large ions like the butane ion C 4 Hfoi for which this phenomenon was 
first observed [Hippie and Condon (554)], the lifetime in a case II predissociation 
is very probably long enough to account for the observation of “metastable” ions. 
By electron impact the molecule is brought to a highly vibrating level of the ground 
state of the parent ion which lies above the fij^t dissociation limit and thus pre- 
dissociation can occur. A similar case has recently been found by Dibeler and 
Rosenstock (275) for CD^. Here a spontaneous dissociation into CDg + D is 
observed w hich must be interpreted as a case II predissociation. For CH^ a 
corresponding dissociation process has not been observed. Remembering the great 
difference in strength of predissociation of CHg and CDg (see Fig. 96) which is 
caused by the much slower rate of tunneling of D compared to H, it seems probable 
that a similar difference exists between CH J and CD^ . Only for the latter is the 
case II predissociation slow’ enough to bring the process into the range observable 
with the mass spectrometer. 

Recently Begun and Landau (104) and Dibeler and Rosenstock (276) have 
ob^rved “metastable” ions in NgO and HgS respectively, even though here the 
Ifetime for a case II predissociation can hardly be long enough to make such 
predMoeiating ions observable in the mass spectrometer. However, in both these 
the ground state of the products of the decomposition process is a quartet 
state while that of the parent ion is a doublet state. We have 


(IV, 28a) 
(IV, 28b) 
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Thus in both cases the decomposition must be due to case I predissociation in¥oI- 
ving a violation of the spin rule M = 0. Because of this violation the lifetime 
Ti is larger, by a factor of at least 10^, than if the rule AS = 0 were obeyed and if 
we had in effect a case II predissociation. In order for the reactions (JV, 28) to 
proceed the parent ions must, of course, have a sufficient amount of vibrational 
energy. This amount of vibrational energy probably results from an initial 
electronic excitation of the parent ion followed by radiative transition to the ground 
state. Direct formation is unlikely on account of the Franck-Condon principle 
since the internuciear distances and angles in the ground states of the particular 
ions are so similar to those of the neutral molecules. 

Newton and Sciamanna (931) have observed a “metastable” C02'^* ion 
which decomposes into CO'*’ 4-0'*'. Here again intercom binat ion is likely to be 
the cause for the long life of the ion before decomposition. 

Case III of predissociation. Predissociation by rotation (case III) would 
arise if the rotational energy is sufficiently excited in vibrational levels that are 
slightly below the lowest dissociation limit of a given electronic state. Just as for 
diatomic molecules there is a rotational barrier and therefore, in general, more 
rotational energy would be required for predissociation to occur than corresjxinds 
to the difference between the energy of the vibrational level considered and the 
dissociation limit. No such case has yet been observed for polyatomic molecules. 

It should be noted that rotation will affect the predissociation limit also in case 
I predissociations in a way analogous to that for diatomic molecules. However, 
in the only case in which a breaking-off of the rotational structure iia.s been 
observed (HNO), the effect of a rotational barrier has not been found. 

Inverse predissociation, recombination in a two-body collision. The 

inverse of a predissociation process is a recombination process. We have pre- 
viously discussed emission continua which corres{x>nd to a transition from an 
unstable (continuous) upper state to a stable ground state and represent the 
inverse of a continuous absorption spectrum. In an analogous way the inverse of 
a diffuse absorption spectrum wuuld be a diffuse emission spectrum, and like 
the continuous emission spectrum, it would correspond to a two-lxKly (radiaiive) 
recombination process. 

The inverse of a case I predissociation w’ould proceed as follows: the two 
radicals (or atoms) would approach each other on the potential surface of the state 
causing the predissociation; when the image point corresponding to this motion 
comes close to the ridge of intersection with the discrete excited state, and if the 
partners have the right amount of energy, a transition into the discrete state may 
take place, and from there a radiative transition to the ground state may occur 
leading to the emi^ion of one particular frequency in the diffuse emission band. 
For the inverse of case II predissociation, the image point may simply over a 
barrier into the well representing the discrete state, oury out a Lissajous motion 
Mid during that tiine mahe the transition to the ground state. 
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In inverse predissociation (case I or II), different from the inverse of the 
simple dissociation, the lifetime can be much longer than the collision time (10 
sec), but this is so only for certain narrow energy ranges corresponding to the 
diffuse energy levels. If the energy is outside these diffuse ranges, we would 
have much the same situation as for the inverse of a simple dissociation, that is the 
two radicals would fly apart again after a time of the order of 10 sec. 

As we have seen before, the inverse of a simple dissociation which leads to 
radiative two- body recombination is a very rare phenomenon. Only about 10 
of aO favorable two-body collisions lead to emission of radiation and therefore to 
recombination. Similarly the inverse of case I or case II predissociation is a very 
rare phenomenon, and no polyatomic example has as yet been unambiguously 
established by observation of a diffuse recombination spectrum®. It is possible 
that the reaction 

NO -f 0 NO 2 + 

previously discussed, actually belongs in this class, namely, if the observed con- 
tinuum is assumed to be only a pseudo- continuum which reaUy consists of a large 
number of diffuse bands. At any rate a further discussion seems warranted since 
in many instances inverse predissociations may be responsible for observed 
recombinations. 

If the two collision partners have the right energy (corresponding to one of 
the diffuse energy levels of the system), the collision time is much longer than the 
time of a simple oscillation, we have what some authors have called a “sticky 
collision”. In this case, the chance that a light quantum is emitted and the 
molecule is stabilized is much greater than 10 “®. It would be equal to 1 if the 
lifetime T| for radiationless decomposition is much greater than the radiative life- 
time Tj. However, this is true only for certain energy values of the collision 
partners (w'hich are the more sharply defined the longer the fifetime is), and, since 
in general the colliding atoms or radicals have a continuous distribution of (trans- 
lational) energies, the net recombination yield (per collision) is again very low 
unless the density of diffuse levels is very high. 

Let us consider a system in which there are three diffuse levels slightly above 
the dissociation limit as shovm in Fig. 182 at the left and let the thermal distribu- 
tion of collision energies of the parts that are to recombine be given by the 
exponential (Boltzmann) curve at the right, i.e. let the abscissa of this curve 
represent the relative number of collision pairs of the energy given by the ordinate. 
The area under this curve represents the total number of collisions per unit time 
integrated over all energies. 

The number of succe^fol collisions (leading to recombinations) is obtained by 
multiplying the thermal distribution function by the capture probability. The 
result is r^rwent^ by the ar^ under the curves a, 6, c at the right if the lifetime 
of the ©olifflon TOmplex (i.e. the molecule in the diffuse level) is much longer than 

® I 11 VW 8 S has been ■de&iifce'ly ot^sei^sd. for a. diatomic examiple, AlH, not 

only in the lahcMEwkwEy fae© I, p. 415) hut i^eo, very in the atmc^pher^ of 

eertaai low ^mm pfart%; 
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Fig. 182. Thermal distribution of levels and capture probability for diffuse levels 
above a dissociation limit. At the left are three levels of a system whoftt* dis»oeiatiuii limit 
is indicated by the broken line at the bottom. At the right is a Boltzmann di^tnbutiini curve 
(plotted sideways, to have the same energy scale as in the energy level diagram u tvnj different 
widths of the levels are indicated showing the capture probabiiitv'. 

the radiative lifetime (r^ » that is, > 10 sec). In that event, as men- 
tioned earlier the yield is close to 1 in the center of the diffuse level and therefore 
the peaks of the curves a, b, c nearly reach the distribution curve. But the width 
of each of the curves a, b, c is then extremely small, less than 0.(M)1 cm ' while the 
thermal distribution curve at room temperature extends several hundred cm”^ 
above the dissociation limit. Thus the total recombination yield will be very 
little greater than what it would be without the presence of the diffuse levels (viz. 
10 - 5 ). 

If the levels are broader, the lifetime is shorter and the capture probability is 
no longer 1 at the center of a diffuse level, that is, the curves a\ b\ F corresponding 
to a, h, c no longer reach the thermal distribution curve but the area under these 
curves is approximately the same as before (since the height is roughly proportional 
to the lifetime that is, inversely proportional to the width). Thus the total 
recombination yield is in a first approximation independent of the width and, if 
there are only a few diffuse levels, is very little different from the value it would 
have if no diffuse levels were present. 

However, as the number oflemlsm the range of the thermal distribution curve 
increa^, the recombination yield will incr^ise. If, for example, there are so 
many levels timt the area under the curves u, 6, c, ... is 10”® of the area 
under the therrorf dfefctibii&D curve, then the totid rKwmbination yieM wifi be 
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10'^, that is, 100 times what it would be for a simple inverse dissociation. If the 
density of vibrational levels were so lai’ge that the wings overlap, the yield would 
become of the order 1 : ev^'ery collision would lead to recombination. 

It is clear that the density of vibrational levels above a dissociation limit is 
fairly large even for a triatomic molecule (cf. Fig. 28 of Vol. II) and will increase 
rapidly as the number of atoms in the molecule increases. Here it may be pointed 
out that the number of levels available for inverse predissociation is far greater 
than the number of levels reached in absorption from the ground state since the 
latter number is greatly restricted by the Franck-Condon principle. 

In a rough approximation, neglecting anharmonicity, the density of levels 
(per cm “ at an energy Gq{vi, Us, . . . ) above the lowest vibrational level is given by 


P - 


(/ - i)my, 


(IV, 29) 


where /is the number of vibrational degrees of freedom and v, are the fundamental 
frequencies (in cm"^) [for more rigorous formulae see, e.g. Haarhoff (458)]. 
From (IV, 29) we find that for example for HsCO and Gq = 30,000 cm~^ the level 
density is 6.3 per cm"^, that is the average spacing of the levels is 0.16 cm“^. 
For somewhat larger Gq values, or for a larger number of atoms, the level spacing 
rapidly approaches, and may become even smaller than, the natural line width, 
that is, the recombination yield will be of the order of 1. Thus if molecules with 
more than four or five atoms are formed from their dissociation products via an 
inverse predissociation, in general every collision leads to radiative recombination 
provided that the radiative transition from the excited electronic state to the 
electronic ground state is allowed (t,. 10 sec). The restriction to a few narrow 

energy ranges no longer applies; every collision is a “sticky collision” quite unlike 
the collision of two atoms'^. 

The relatively high yield of radiative recombination applies only to the inverse 
of ease II predissociations, that is, of predissociations in w^hich no third electronic 
state in addition to upper and lower state of the absorption bands is involved. 
Case I predissociations for which a third electronic state is involved occur in general 
for fairly low vibrational levels of the upper electronic state of the absorption bands 
and therefore the level density is low even for fairly complicated molecules. Thus, 
in general, inverse case I predissociations lead to a very low yield of radiative 
recombinations: not much higher than the yield of recombinations which are the 
inverse of a direct photodissociation. 

It has been pointed out by Callomon (173a} that a further lengthening of the collision 
time may be brought about by the process of “internal conversion’* invoked by many authors 
for an understanding of enei^ transfer processes in large molecules. Here, the internal 
wnvcffsaon would consist in a radiationl^ transation of the molecule from the state formed by 
mvera© pr^iseoeiation to high vibrational levels of a lower electronic state, possibly the ground 
state. The mecliaiiisDa of this “ conversion** is not too well understood as yet but is presumably 
connected with strong perturbations between the two stat^ involved. Thus in the present 
case the ovec-^ procse^ wouH be cl<»eiy related to, if not identical with, an inverse 
“acddraatoi** |»ecfasoefe^K» Ise© VoL I, p. 415). 
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In the preceding discu^ion we have implicitly affliimed that only central 
collisions are important, that is that the total angular momentum J of the whole 
system is zero. Actually, of course, most collisions are non-central, corresponding 
to various non-zero values of J, depending on the impact parameter (separation of 
the two linear momentum vectors of the colliding partners in the center of mass 
system) and the relative velocities of approach. For each group of collisions of 
given J the preceding considerations must be appli^i. Thus, in effect, the 
rotational levels in each vibrational level must be counted when the total area 
a 4- 6 + c + • • * in Fig. 182 is evaluated, except that very high J values should 
not be included in the evaluation, since there is, just as for diatomic molecules, an 
increasing rotational barrier with increasing J ; or, in other words, collisions with 
very large J are really not genuine collisions. 

Up to now we have assumed that the tw'o recombining groups (collision 
partners) approach each other always on one and the same potential surfa<» 
belonging to an excited state of the resulting molecule. However, in general, 
several electronic states of the resulting molecule arise from a given combination of 
the separated groups (see Chap. Ill, section Ic) and these groups may appimch 
each other on any of the corresponding potential surfaces. In general only one 
or tw^o, if any, of these electronic states w'iil combine with the ground state and 
thus be effective for radiative recombination. Therefore the recombination yield 
is reduced by a factor corresponding to the ratio of the statistical weights. 

If none of the electronic states formed from the collision partners combine.s in 
an allow^ed transition with the ground state, the yield would be reduced by a con- 
siderable factor. Even if one or two states do combine with the ground .state, 
their potential surfaces may not be favorable, they may be entirely repulsive, or 
only for certain relative orientations of the collision partners may they be favorable 
(i.e. there may be a very small steric factor), or transitions may have to occur in 
regions of the potential surface w’here the transition probability is low. Thus, 
there are many causes which for allowed transitions may lower the recombination 
yield. On the other hand, even if the radiative transition is forbidden for the m«st 
symmetrical conformation, the system may go to less symmetrical conformations 
on the potential surface from w’hich the electronic transition is not forbidden. 

If all electronic transitions to the ground state from the various excited states 
formed by the collision partners are forbidden, there remains the possibility of 
vibrational (infrared) transitions within the electronic ground state if this state is 
also formed from the collision partners. Thus we w’ould have an inverse case 11 
predissociation directly into the ground state folio w’^ed by a radiative (infrared) 
transition from the diffuse level to a sharp level below the diffiociation Emit. How- 
ever, infrared transition probabiliti^ are low, of the order of 10^ (rather than 10 ). 
and therefore, the same considerations m to the yield apply as for forbidden 
electronic transitions. 

As an example, wnsider the recombination 

O' 4- 00 CX>2 + hv. 
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Recently Mahan and Solo (792) have shown that at low pressure the reaction of 0 
atoms with CO proceeds by such a radiative two-body recombination. Since the 
ground state of 0(®F) + CO(^S'^) is a triplet state (see Fig. 164) while the ground 
state of CO 2 is singlet, a spin change must take place either in the inverse predis- 
sociation process or in the emission of radiation. Mahan and Solo have shown that 
the lifetime T| for the radiationless process is of the order 10"® sec which is larger 
by a factor 10^ than the lifetime for a case II predissociation. Thus it appears 
probable that we have here an inverse case I predissociation violating the spin 
rule and leading the molecule to an excited singlet state (probably A ^£ 2 ) from 
w^hich it goes over to the ground state with emission of radiation: a blue lumin- 
escence is observed. 

As a second example, let us consider the collision of two CHg groups. In 
order to form CgHg by an inverse predissociation, the two CHg groups must 
approach each other in at least approximately such a way that their symmetry 
axes coincide. This introduces a fairly small sterie factor. According to Table 28, 
p. 295, two CHg groups in their ground states i^Al) give the states ^Aig, of 
CgHs of point group Dg^ or ^A[, ^Al for point group D^j^. In either case, only one 
electronically excited state or is formed which, on account of the spin 
rule {AS = 0), cannot combine with the ground state. Without the spin rule and 
without the sterie factor, the recombination yield might be as high as 1 because 
of the high density of levels above the dissociation limit for an eight-atomic 
molecule. But the addition of the spin rule and of the sterie factor bring the jneld 
of inverse predissociation dowm to perhaps 10'®, i.e., lower than for the radiative 
recombination of a diatomic molecule. The same applies for recombination of the 
two CHg groups in the ground state (^Aj^) by infrared radiation. A very similar 
situation arises for the recombination of two CHg groups to form CgH^ (see Table28). 

As a third example, consider the formation of HgCO from CHg in the 
ground state and 0 in the ^Pg ground state. According to Table 27, there are 
nine electronic states (i.e., nine potential surfaces) arising from CH 2 (^Sg") + 0(®P), 
viz., ^Aj, ^ 2 * ^Ai, ^Ag, ®Ai, ^Ag, Of these, the j&rst, ^Ai, forms 

the ground state of the molecule. Of the other states, only one, can combine 

with the ground state as an allow^ed transition. Statistically, this state is formed 
in only one in 27 collisions. If the state is not entirely repulsive, an inverse 
case II predissociation, followed by a radiative transition to the ground state, would 
give a radiative recombination yield much larger than 10 ~® assuming that the 
sterie factor is not too small and that the density of levels is large. An allowed 
inverse ca^ I predissociation could arise from any one of the singlet states ^A^, 
^Ag, CJHg + O if theio is a suitable excited state (belonging to a different 

diMKmtion limit), into which the radiationless transition could take place; but, as 
OTiphaAed before, the yMd of radiative recombination would be much smaller 
tham for inverse case II predissociation since the d^isity of levels in the discrete 
excited state is much smaller. Neither the predtooeialion CHgO -> CHg 4- 0 
nor ite inverae have as yet hem. ol^rved. The predifflociation of HgOO observed 
in the 1 , to dfeociatiem into Hg -F OO or H + HOG. 
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Inverse predissociation that leads to an excited state of the molecule is 
associated with the emission of visible or ultraviolet light; its wave length is in 
general longer and often much longer than that of the corimponding ateorption 
spectrum. The over-all intensity of this spectrum is a measure of the racombina- 
tion yield, i.e., it is large when the radiationl^ transition probability is small and 
the level density high. If the latter condition is fulfilled, the spectrum will be 
more or less continuous and difficult to distinguish from that of an inveree dissocia- 
tion. The luminescence observed in reaction (IV, 29) is an example but its 
spectrum has not yet been studied. No example has been established of an 
inverse predissociation in which the radiation emitted is in the infrarwl and 
corresponds to vibrational transitions. 

As a summary of the types of radiative recombinations, it is perha|» useful 
to consider the following scheme: 


Radiative recombinations 



It is interesting to note that in nuclear physics radiative recombination plays 
a very important role [see, for example, Eisenbud and W igner (11)]. Neutron and 
proton capture by nuclei proceeds via a direct analogue of inverse ca^ II pre- 
dissociation follow^ed by an analogue of vibrational transitions. The frequencies 
of the radiative transitions from the diffuse states to lower states are of eourae 
very much higher and therefore, because of the factor in the transition proba- 
bility, radiative capture is a fairly frequent phenomenon in nuclear physics. 
Many examples of resonant captures corresponding to diffuse levels in the com- 
pound nucleus have been found. The theory of this nuclear phenomenon was 
first given by Breit and Wigner (147) (one speaks of Breit-Wigner r^naoc^) and 
has been developed extensively by many other investigators. It is in a far 
more advanced stage than the theory of the correspondii^ phenomenon in 
molecules. 


Three-body re<mmbiiiatloiis.. Radiative recombination of molecules is of 
importance only at very few prowures. In gcMral, at normal laboratory pr^u^ 
during the duration of the collision of two |wrtiwrs (i.e. die lifetime of the 
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complex), collisions with third partners occur which can take away some of the 
excitation energy and thus stabilize the molecule formed, leaving it in a state 
slightly below the dissociation limit. 

If r is the duration of a two-body collision, and Z the number of collisions 
suffered by a given atom or molecule per second, it is clear that rZ is the fraction 
of tw^o-body collisions which are also three- body collisions ( 1 /.^ is the average time 
between tw'o-body collisions). The fraction rZ is proportional to the pressure for 
not too high pressures. At very high pressures the ratio of three- to two-body 
collisions reaches the limiting value 1 , that is, every collision is then a three-body 
collision. The larger r is, the smaller is the pressure at which this limit is reached. 
For diatomic molecules or for polyatomic molecules in repulsive states, r is of the 
order 10 “^^ sec. At a pressure of 1 atm. the collision frequency Z is of the order 
of 10 ^^, and therefore the fraction of three-body collisions is 10 “^. Since almost 
every three-body collision will lead to recombination, while only every 10 ® — 10 ®th 
two- body collision will lead to radiative recombination, w^e see that at atmospheric 
pressure three-body collisions are about 100 times more effective in producing 
recombinations than two-body collisions. 

If an inverse predissociation can take place in a recombination process, it 
means that the duration (r) of the collision is lengthened, at least when the energy 
has certain values, and therefore, the yield is increased for both two-body and 
three -body recombinations. If the radiative transition involved in the recom- 
bination by inverse predissociation is an allow^ed one the ratio of the yields of 
two-body and three-body recombinations is the same as for the quasi-diatomic 
case; but if the radiative transition is forbidden or is a vibrational transition in the 
infrared, the yield of tw’o-body recombinations at a given pressure is much reduced 
w^hile that of three- body recombinations is unchanged. In any case, when at the 
same time the density of levels is high, the duration of all two-body collisions is 
increased so much that even at fairly low' pressures collision with a third partner 
{or the wall of the reaction chamber), and therefore recombination, will almost 
invariably occur during this duration of the two-body collision, that is almost all 
two- body collisions are also three-body collisions. 

It has indeed been found in many photochemical investigations that the yield 
of a recombination reaction is far greater than one might have expected from 
considering diatomic examples. A case in point is the recombination of CH 3 
radicals to form C 2 H 6 . This recombination w'ould be exceedingly slow by radiative 
recombination because of the difference in multiplicity of the two states involved 
(see p. 478), but it (mn readily take place by three-body collisions because of the 
long life of the (X)llision complex. In this case recombination yields of about 0.1 
have been found [s^ Steacie (38)]. 

It is elmr that at sufficiently low pressure two-body recombinations pre- 
dominate over three-body recombinations, but for molecules with eight or more 
atoms, sudi are exce^iingly k>w, le® than 10 mm Hg. While at 

intermediate both mechaiiisms occur simiiltaju^oiisiy, at higher pressures 

two-body «»' be,, n^ected in ^,i^ai(iy;©f,reaciaon ^yields even. 
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though they do take place and may be responsible for somt" of the light that is 
emitted. 

Clyne and Thrush (213)(214) hare studied the light emission during the 
reactions 

H + NO + M -> HNO + M (IV, 3l)| 

0 + NO + M->N02 + M SlV,3i) 

0 + CO + M CO 2 + M (IV, 32| 

and its dependence on the partial pressures of the reactants. They found that the 

light yield depends linearly on the partial pressure of H, NO, O and CO but does 
not depend on the partial pressure of M although it does depend on the nature of 
M. From this result they conclude that the light emission is due to a thiw-body 
not a two-body mechanism. The yield does not depend on [M] because both the 
steps leading to formation of HNO, NO 2 , CO 2 and those leading to deactiTation 
(without radiation) depend on [M], and thus the [M] deptmdenee cancels out 
assuming that light emission is slow compared to collisionai deactivation. For 
radiative (two-body) recombination, an inverse dependence on [M] would rc*sult 
because of increasing collisionai deactivation. The first step in each of the three' 
reactions (before the arrival of M) is in all probability an inverse^ predissociation. 
More recently Reeves, Harteck and Chace (l()63a) have studied the light emission 
in the 0 + NO reaction at very low pressure (3 to fi) and have established that 
under these conditions a third collision partner is not reipiired. that is, that flit' 
light emission is due to transitions from the diffuse level.*? ^funned b>’ inver*^.' 
predissociation) to the ground state. 

For a more complete understanding of the three- cuUisiun prucess. it 
would be necessary to consider the potential surface for a system including the 
third body. In general, such a system would have to<3 many degrees of freedom 
for a graphical representation. We may, however, use a triatomic system as a 
model. Consider, for example, the recombination of a C and an 0 atom when the 
third partner is another 0 atom. If we restrict the motions to a straight line, we 
may use the previous Fig. 163. In a three-body collision the image point starts 
out from the plateau at the top right. Depending on the initial direction (and 
velocity), the image point w'ill enter one of the valleys, oscillate rather \iolently 
about the bottom of the valley, and fly out of the valley. This ty|)e of trajectory 
clearly represents formation of a vibrating CO molecule. The same result is 
obtained if the image point first enters the bowl corresponding to the ground state 
of CO 2 . Thus, classically, practically every three-body collision leads to recom- 
bination. Only those collisions for which the image point w'ouid move at large fg 
parallel to the fj axis (or at large parallel to the axis) would not lead to CO 
formation since the image point would then return to the plateau. Quantuna- 
theoretically, of course, for a three-body (x>ili8ion to l«id to recombination, at least 
one vibrational quantum must be removed by the thiiti partner, and for that to 
happen th-OTe most be in Ito cc»^)oiMimg mixM a 8ul6<a«it deviation of 

the motian of the image point in F^- fiom a linear mettwn. 
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It is seen from the model that because of the possibility of Lissajous motion 
the duration of the three-body collision may be much greater than if there were 
only repulsive potential regions. This is quite analogous to the lengthening of 
two-body collisions discussed earlier. 


4, Determination of Dissociation Energies 

In principle, the study of continuous and diffuse spectra of polyatomic 
molecules allows a determination of dissociation energies just as does the study of 
corresponding spectra of diatomic molecules, but in practice the situation is much 
less favorable. 

Determination of dissociation limits. For diatomic molecules (see Vol. I, 
p. 438f) dissociation limits can be derived from band convergences, extrapolation 
of such convergences, long w^ave-length limits of absorption continua, predis- 
sociation limits, excitation of atomic fluorescence, photodissociation and chemilum- 
inescence. For polyatomic molecules, in principle the same (or corresponding) 
methods are applicable. 

Band convergences are extremely rare for polyatomic molecules and no clear- 
cut example has yet been observed. There are two reasons for this state of affairs. 
Only totally symmetric vibrations in molecules of high s^nnmetry are likely to give 
rise to simple series of vibrational levels of diatomic type since only for them are 
the higher levels not mixed up with other vibrations. But for these vibrations the 
dissociation limit lies very high and thus it is in general not reached in absorption. 
A good example is the vibration of linear symmetric XYg (see Fig. 163). On the 
other hand, in an excited state in which the bond energies are much reduced (and 
this is necessary to observe a long progression), in general the shape of the molecule 
is less symmetrical, and therefore the higher vibrational levels can no longer be 
ascribed to a single vibration and no longer foUow a simple quasi-diatomic relation. 

Although it is possible to extrajpolaie the convergence limit of a progression of 
bands, this method is even less reliable here than for diatomic molecules since it is 
not clear how the interaction with other vibrations is to be taken into account in 
this extrapolation except possibly in cases of high symmetry. In the literature, an 
extrapolation of a dissociation limit has been seriously attempted only in one case, 
that of CIO 2 [Finkelnbui^ and Schumacher (384)] where a fairly long progression 
has been observed. The extrapolated limit was assigned to dissociation into 
dO -|- but do^ not agree well with the thermochemical value of the 

diswxmtion ^lergy Z^QO - O) (see Table 47). 
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The longward limit of a continuum, as well as an ohserved predisMKJiation 
limit, represent obviously upper bounds to the corresponding dissociation limite. 
However, for polyatomic molecules it is more difficult than for diatomic molecules 
to establish whether or not the upper bound is cic»e to the actual value. Maxima 
in the potential surface w’hich separate the discrete stable levels from the diaM>c!at«l 
states are much more frequent. In addition, as we have seen, even with«uit such a 
maximum, a continuum or a diffuseness may start rather sharply at a 
appreciably above the dissociation limit because of the particular form of the 
vibrational (Lissajous) motion produced in the excited state. Therefore, even a 
sharp longward limit of a continuum or a sharp predissociation limit gives only an 
upper bound to the corresponding dissociation limit. Nevertheless such definite 
upper hounds are, of course, of considerable v^aiue in the discussion of dissociation 
energies. 

As an example, w^e consider the two predissociation limits ob^rved in the 
absorption spectrum of NO 2 . In the visible and near ultraviolet at^rptlon bands 
under medium resolution the lines begin to show a slight diffuse ness at about 3950 
A, and this diffuseness increases gradually so that at 3700 A it is noticeable even 
under fairly low^ resolution [Henri (496), Mecke (817)]. Recent studies under very 
high resolution by Douglas and Huber (296) have shown that the onset of diffuse- 
ness is really quite sharp, namely, at 3979 A (see Fig. 192 below). This limit 
corresponds to 3.115 eV w'hich must be considered as an up{>er bound to the dis- 
sociation energy D(NO — 0). Indeed an independent value, obtained from 
and the heat formation of NO 2 from NO and O 2 , is found to 3.112 e\’. It is 
therefore clear that the first predissociation limit (as obtained under high resuliition | 
is a true dissociation limit. A second very clear predissociation limit i^ found in 
the ultraviolet band system near 2450 A [Henri (497)]. As the sfMx-trogram Fig. 
183 shows, the lines of the band at 2491 A are quite sharp, thost* of the band at 
2459 A are slightly broadened while the band at 2447 A is completely diffuse. 
The predissociation limit is thus between 4.98 and 5.04 eV. The difference 
between the two limits lies between 1.86 and 1.92 eV which is smaller than the 
excitation energy 1.967 eV of the state of the O atom. Therefore, the second 
limit cannot be ascribed, as was at one time thought, to dissociation into 
NO(^n) + 0{^D), but must either correspond to dissociation into N0(^n ) + 0(^P) 
or into N(^y8) + 02(^2y). For either assumption the predissociation limit, in 
spite of its sharpness, lies substantially above the dissociation limit, namely, by 
1.9 eV and 0.5 eV, respectively. 

Another example is supplied by the absorption spectrum of SO 2 . At medium 
pressures a diffuseness with a very indistinct limit near 2700 A has 1:^11 reported 
by Henri (498), but at higher resolution it becomes clear that this diffuseness is 
only apparent and that there is no predissociation in this r^on [Douglas (294b)]. 
However, at shorter wave lengths at 1950 A (6.36 eV) there is a fairly sharp limit 
of a genuine predissociation. The eneigy required to dissociate SOg into SO 4- O 

Fi 6. 183. Predia®c)ciatk» ia the 

rftravloiet (B- JK} baad® NO* 
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Table 47. Observed limits of continua and diffuseness and their relation 

TO DISSOCIATION LIMITS IN SIMPLE POLYATOMIC MOLECULES 


Molecule 

Spectral feature 



Dissocia- 
tion limit 

Products 

1 

Calculated‘S 

limit 





cm“^ 



CHa 

diffuse absorption 

< 

14151 

< 70600 

CH( 2 S-) + H( 2 iS) 

>59800‘ 

H 2 O 

continuous absorption 

< 

I 86 OI 

<53800 

0 H{ 2 n) + B-i^S) 

41246 

diffuseness of band lines 

< 

1240 1 

< 80700 

om + 

56452 

HaS 

continuous absorption 

< 

27001 

< 37000 

SH( 2 n) + H( 2 iS') 

26329' 




S{^D) + H 2 (is;) 

27926' 

AIH 2 

diffuse absorption 

<6470 

< 15450 

AlH(iS) + H(2S) 


HCN 

diffuseness of band lines 

< 

1810 A** 

<55260 

Ki^S) + CN( 2 n) 

54900® 

HCO 

diffuseness of bands 
with / 0 , Ua > 3 

< 

80621 

<12400 : 

R\^S) + CO(^S-^) 


HNO 

Breaking off in emission 

*> 






above K' = 13 in 000 and 
above K' = 10 in 010 level 
Diffuseness of absorption 
lines in 101-000 band for 

> 

1 

< 17000 

K{^S) + NO( 2 n) 



K' > 0 

J 





N 2 O 

continuous absorption 

< 

30651 

< 32600 

+ 0(3P) 

13507 






+ 0 (‘P) 

29375 

NO 2 

Diffuse absorption in 

J! — ^ system 

< 

3979 1 

2490 1 

25125 

NO( 2 n) + 0{3p) 

25105 


Diffuse absorption in 
B—Jt system 

< 

<40150 

+ o^es,-) 

1 36320 


SO 2 

diffuse absorption bands 

< 

1950 1 

<51300 

80(^2-) + OpP) 

45250® 


in <? - X system 




S(^P) + 02(=S;) 

47270 

CIO 2 

diffuse bands in A - 5" 

< 

3750 1 

<26650 

cio( 2 n) + o(3p) 

20205 


system 

con\'ergence limit 


2560 A 

-39060 

cioc^n) + 0 (ip) 

36073 

CHg 

diffuse absorption 

< 

21641 

<46205 

+ H( 2 P) 

<39500 





CH( 2 n) + H 2 (is+) 

35200 

1 NH 3 

diffuse absorption bands 

<21671 

<46136 

NH^pPi) + H( 2 p) 

35300 


in J! - X system 




+ H(=S) 

45549 

H 2 CO 

Diffuseness in J[ — X 







system 

Breaking off of 

<; 

2750 1 

<36360 

1 r HC 0 ( 2 A') + H( 2 P) 

-26050 


vibrational structure in 
emMon above V 4 = 0 



1 <28736 

! 

:lcO(iS+) + 2 H( 2 S) 

36560 

CH 4 

continuous absorption 

< 

14551 

; <68730 

+ H( 2 S) 

35500 






i 

36700 


ft For aw TikMw 

to Usilg (Ifttt) si,tak toeat of toe liiait wcrnW be at TO.TO ± 1500 cm - = 

c DCS®) » W.S fctsii. 

In tte malm 

e AwHUtog DCCH) « 7S0, 
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is 5.61 eV Therefore, the predissociation limit would \m 0.75 eV above the 
dissociation limit unless one wanted to consider that the SO formed is in the 
metastable state (whose energy is not yet known) or that disMiclation into 
S + O 2 takes place with either S or O 2 suitably excited. The niininiiim dissocia* 
tion energy into S + O 2 is 5.86 eV. For either assumption the energy disen^fiaiicy 
may correspond to translational or vibrational energy of the dissociation 
products. 

In Table 47 these and other examples of long- wave-limits of diffusen€\ss as well 
as of continua are listed. It is seen that there are only a few m&m in which these* 
long-w^ave-limits coincide with the known dissociation limits. 

Relatively little work has been done to u^ the analogue of the method of 
atomic fluorescence in the determination of dissociation limits of polyatomic mole- 
cules, that is, to ascertain the minimum photon energy require<l for the production 
of fluorescence of the dissociation products. Terenin ( 1 1119 ), and later Wieland 
(1293)(1294) have used this method for the interpretation of the continua of the 
mercury halides and the determination of their dissociation energies. They 
found that upon irradiation with light in one of the shorter wave length continua 
of HgX 2 , a fluorescence spectrum due to diatomic HgX is emitted, and they have 
obtained in this way upper bounds for the corresponding dissexiation limits. A 
number of other cases have been studied by Terenin and his collaliorators [sec* the 
summary in Terenin (1200)], including such cases as 

H 2 O + kp~> OH(2V) + H 
NHg -h Ay->NH2(2Ai) -f H 
CH 3 OH + 4 - OH(22-| 

CH3CN -h hv~^CRs + CX(R"S) 

More recently, Style and his co-workers [Dyne and Style (334): Style and 
Ward (1173)(1174)] have used the fluorescence method to obtain the spectra of a 
number of free radicals. As strong sources of vacuum ultraviolet radiat ion lx*come 
more readily available and free radical spectra become better understexHi, this 
method for the study of dissociation processes will gain in importanc*e. It lias the 
great advantage that it tells us immediately the degree of excitation of at least one 
of the dissociation products. However, just as the other meth<xis, it gives us only 
upper bounds to the dissociation limits considered. 

Photodissociation is in principle an excellent method to establish upper bounds 
of dissociation limits since it does not require a detailed interpretation of the 
absorption spectrum. In practice, however, it suffers from the occurrence of 
secondary reactions and the possibility of reactions of the parent molecule in an 
excited state below the di^ociation limit. Similarly, the use of chemiluminescence 
is not of much help because side reactions may ol»cure the lumine^nw prodii(«i 

® In a recent paper WameA, liarH» and SnHivan (1271) give 5.41 ©V for thfe « 

the of a''©cmtfciai3» wttA, Wieve, diroete l»Mis tetew A. 
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by a given reaction. The development of the method of crossed molecular beams 
may remedy this situation. 

Determination of the dissociation products. In order to obtain reliable 
dissociation energies it is necessary, just as for diatomic molecules, to know the 
state of excitation of the products of dissociation at a given dissociation limit. 
The methods of determining them are again very similar to those for diatomic 
molecules. 

(1) If several dissociation limits are known, their differences must be equal to 
possible energy differences of the dissociation products. Since usually one obtains 
only upper bounds of dissociation limits, the energy condition does not often lead 
to a clear-cut decision between various possible dissociation products. Moreover, 
the dissociation products, unlike those of diatomic molecules, may now have 
various amounts of vibrational energy leading to a much larger number of 
possibilities between which in general the energy differences of upper bounds of 
dissociation limits cannot decide. 

(2) In determining the dissociation products, the analogues of the Wigner- 
Witmer correlation rules discussed in Chapter III, section Ic, must be fulfilled for 
the electronic states of the products into which the molecule dissociates. In other 
words, the upper state of a continuous spectrum or the state causing a predissocia- 
tion must be obtainable from the assumed states of the dissociation products 
according to these correlation rules. For example, the state causing the predis- 
sociation in the 2160 A band of CH3 (Fig. 96) which must be a state (assuming 
a planar conformation) cannot arise from the ground state (®E “ ) of CH2 but must 
arise from CH2(^^i) + H(^5). Therefore the dissociation energy Z)(CH3“^ 
CH2 + H) must be smaller than the predissociation limit by at least the excitation 
energy of the state of CH2 (which is not yet known). Even that leads to an 
upper limit that is presumably much higher than the true value. 

(9) The non- crossing rule does not necessarily apply to polyatomic molecules 
because of the possibility of conical intersections. On the other hand, since there 
are so many more degrees of freedom and since it is not necessary to preserve the 
symmetry of a molecule in a dissociation process, in effect the non- crossing rule 
does hold, that is, a crossing of states of the same species does in general not occur 
in a dissociation process. 

(4) As already mentioned, the observation of fluorescence of the dissociation 
products giv^ direct information about their state of excitation. However, in 
general this is true only for one of the products; the other may or may not he 
excited to a state from which fluorescence either does not occur (metastahle state) 
or is not r^Miily obrorvable. 

(5) In some cas^ iJiermochemical data give information about the lowest 
dMocmIaon energy as in fJie example of NO2 and SO2 discussed above. Some- 
iain« it is ^)iiibination of thermochemieal data witit spectroscopic data on other 
mofeculm tliat cspi lead to a dewkm. 

(6) dlwto® impfe# 'SWfes erf a mofejule ,gtve rougli values for 
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certain dissociation energies and may be used for a decision on the di«>ciatioii 
products corresponding to a given continuous or diffuse spectrum . Unfortunately, 
the electron impact values also are in general only upper bounds to the disrociation 
energies considered. 

As an example, consider the dissociation energy of CH 3 into CHa + H which 
may be determined from the ionization potential of CH 2 obtained spectroscopically 
[Herzberg (522)] and the appearance potential of CH 2 when CH3 [produced by 
P 3 rrolysis of Hg(CH 3 ) 2 ] is bombarded by electrons. We have 

jD(CH2— H) = A.P.(CH^ from CH3) - I.P.(CHa). 

Tw'o independent determinations of A.P.(CH^) have yielded 15.S0 ± 0.10 eV 
[Langer, Hippie and Stevenson (720); Waldron (1255)] while I.P.(CH 2 ) = 10.306 
eV Therefore 


i)(CH 2 --H) = 4 . 9 O 4 eV (=113.1 kcai/mole) 

How^ever, this value can only be considered as an upper limit since it is not known 
whether the CH 2 ions formed by electron impact have some internal energy. 
There is a good deal of evidence that indeed DfCH^ — H) is smaller than the value 
given. 

In the tables of Appendix VI spectroscopically obtained dissociation energies 
are included for a large number of molecules [see also Table 47, and the handbook 
by Vedeneiev, Gurvich, Kondratiev, Medvedev and Frankevich (41)]. 


® This value is based on the assmnption tha^ CH^ in ite gimmd state is linear. In view 
of the recent and Jdbns (530)] that tlM iao-eteetocwiic BHa is non-linear In its 

grotma state, it is ths^ to same appl^ to CHJ and torrfow tb^ to vaiw for I.F 4 C®l 3 ) 

glvm in Urn tot is wly an mppm- Imwi, maJking to upper irait fmt — H| rtiil 



CHAPTER V 


ELECTRONIC SPECTRA OF INDIVIDUAL MOLECULES 
AND THEIR INTERPRETATION 

The theoretical considerations of the preceding four Chapters form the basis 
on which all observed electronic spectra of polyatomic molecules must be dis- 
cussed. In this Chapter w’e shall briefly survey the observed spectra for all those 
molecules with up to 12 atoms which have been studied in some detail. In doing 
so we shall attempt to improve the interpretation of older data on the basis of the 
more recent theoretical developments and shall point out gaps in our knowledge of 
these spectra. In the tables of Appendix VI, the more important constants of aU 
the known electronic states are summarized including those for molecules not 
specifically discussed in the text. For molecules for which only fragmentary data 
are available or only continuous absorption spectra have been found, references to 
the most recent work are given. Early summaries of the state of knowledge in 
this field were given by Sponer (37) and Sponer and Teller (1155). For a recent 
summary see Robinson (1077). 

In the discussion of observed electronic states some designation is needed in 
addition to the group-theoretical species symbols to distinguish states of the same 
species and states whose species has not been established (or is not important for 
the particular discussion). For diatomic molecules the letters X, A, R, 
a, h, c, , . are used, the capital letters referring to states of the same multiplicity 
as the ground state (A), the small letters to states of different multiplicity. This 
system of designations cannot be taken over for non-linear polyatomic molecules 
because of the possible confusion with species symbols. Therefore we shall follow 
here the suggestion of Douglas (294) to add a tilde to the letters X, A, B, . . . , i.e., 
write A, A , 5, . . . , a, 1 , . . but otherwise follow the rules well established for 
diatomic molecules. 


1. Triatomic Molecules 

It is convenient, because of the great differences of their spectra, to distinguish 
three groups of triatomic molecules: di -hydrides, mono-hydrides and non-hydrides. 


(a) Di-hydiides 

The elwstronic spectra of both chemically stable and unstable triatomic di-hydrides 
have been studied. StaMe di-hydrides tbat have been inv^tigated are H 2 O, H 2 S, 
HgSe and H^Te. Pwrtfeular attention has been devoted in recent years to the six 
jQree radicals belonging to th» cla^ BJR®, CSE*, AIH^t and which have, 
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yielded very interesting spectra. Spectra of BeHa and MgH 2 have not yet b«en 
discovered. In Table 62 of Appendix VI the known states arvi transitions of the 
molecules mentioned are summarizwi. 


H 2 O and H 2 S. The ground state data for HgO and H 2 S given in Table 62 art* 
based on infrared work. Since thesf* are chemically stable rnok?culf*rt with all slielk 
closed in the ground state, the first elwtronic transition occurs at fairly short wa\e. 
lengths; it consists of a broad continuum, extending for H 2 O from i860 to 1450 .4, for 
H 2 S from 2700 to 1900 A. These transitions in all probability eorrf?8pon<i in each eas** 
to the first member of a ns HydbcTg 8t‘rit*B. The .Twtj Rydberg orbital of H 2 O is identi- 
cal with the anti-bonding orbital 4aj of Fig. 123. {VVe use the description 3«ri when 
we want to emphasize the relation to the higher members of the Rydberg series, while 
w'e use the description 4ai when we vrant to consider the bonding propertic*s of the 
orbitals and the stability of the resulting eI«*tromc states.! Higher members of 
the ns Rydberg series, as well as several other Rydberg series Iprobably np and nd 
were first observed by Price (1015). Figure 184 shows an absorption ciir\'e of H 2 O in 
the region 1900-1200 A according to Watanabe and Zelikoff ( 12781. 

In H 2 O the second absorption consists of a long progression of (liffusi* bands 
extending from 141 1 to 1256 A with spacings of about 8<>0 cm “ Such a low' frequency 
can hardly correspond to a viVjration other than a finding vibration. A long progrr^- 
sion in a bending vibration implies that a large change in angle has taken plact\ Indwl. 
this transition does not fit in with the v’arious Rydberg series going to the first ionization 
potential (removal of a 15i electron) but probably is the hrst mtuiilwT of a com.*- 

sponding to removal of a 3ai electron (see p. 341f ). The correspotiding state of li-J) ^ 
is the analogue of the A state of NH 2 (see below) and it is probable that * in tliis 
state is nearly linear like NH 2 . If an electron in a Rytiberg orbital is atld^.*«i to 
H20’^ in this state, the H2O molecule thus formed will have the same eoufoniiation as. 


A’tcm"'} 



Fig. 184. 

and Zelikc^ (tm> 
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H 2 O (or at least nearly so), and in this way the observed vibrational structure of the 
transition B ^ can be underat ood. 

Most of the other higher electronic transitions of both H 2 O and H 2 S have com- 
paratively little vibrational structure. The 0-0 band of the first member of the 
npai series of H 2 O was recently studied under high resolution and analysed in 
detail by Johns (631). Figure 112, p. 265, shows a spectrogram of this band. Johns* 
analysis confirms the conclusion derived from the observation of simple Rydberg series 
with little vibrational structure that in the Rydberg states the X — H distance and 
— X — H angle are not very different from the values in the ground state; and that 
the symmetry is the same, i.e., C 21 ,. 

The H 2 O band at 1240 A has a somew'hat complicated structure which was readily 
analysed only because the rotational levels of the lower state were well known from 
infrared work. In contrast, the bands of H 2 S appear to have a fairly simple structure. 
This is because H 2 S in both upper and lower states is fairly close to a symmetric top, 
i.e., A and B are much more nearly alike than in HgO. The observed predissociation 
phenomena in the two molecules have been discussed in Chapter IV. In Fig. 138 an 
energy level diagram showing the observed electronic states of H 2 O was given. The 
situation for H 2 S is very similar. 

The ionization potentials obtained from the observed Rydberg series are 12.61s 
and 10.472 eV, for HgO and H 2 S respectively [see Price (1015) and Price, Teegan and 
Walsh (1024)]. Henning (494) has observed for H 2 O two progressions of (diffuse) 
bands occurring beyond the first ionization limit, starting at 116760 and 125820 cm"^. 
These progressions probably represent members of a Rydberg series whose limit may 
be the sharp absorption limit at 16.5 eV. This interpretation is supported by electron 
impact experiments of Frost and McDowell (401) [confirming earlier work of Price and 
Sugden (1023)], who observed three appearance potentials of H 20 '^ at 12.60, 14.35 and 
16.34 eV, of which the last very probably corresponds to Henning’s absorption limit. 
The three appearance potentials must correspond to three states of H 2 O , the ground 
state ^Bi, a tot excited state ^Ai at I .75 eV, and a second excited state at 8.74 eV 
(see p. 341). The corresponding figures for H 2 S'*' are 2.0i and Z.Iq eV. Absorption 
coefficients and photoionization efficiencies of H 2 O and H 2 S have been studied by a 
number of authors, most recently by Watanabe and Jursa (1274). The absorption of 
H 2 O from 110,000 cm"^ to 600,000 cm~^ has been investigated by Astoin (78)(79) and 
Metzger and Cook (836). 

The spectra of H 2 Se and HaTe have been studied by Price, Teegan and Walsh 
(1024) (see Table 62). 

BH 2 and AIH 2 . The six di-hydride free radicals, in contrast to H 2 O, H 2 S, . . . 
do show alm>rption bands in the visible region which correspond to electronic transitions 
within the valence shell. The recently observed spectrum of BH 2 [Herzberg and Johns 
(531)] extends from 6000 A to longer w'avelengths and consists of a simple progression of 
bands alternately with even and odd K values showing that the molecule is bent in the 
lower state and Mnear or nearly linear in the excited state in agreement with expectation 
from the Walsh diagram (p. 319). The two states arise by large Renner— Teller inter- 
action from one and the same state of the linear conformation in the way previously 

discuss^ (p. 27f). A small doublet flitting has been found. The transition is 
as expected for the most longward laransition from the electron configuration 
(Table 33). The angle in the ground state, since there is only one electron in the 3 ai 
orbital, is imt small as in the other nmlecules of this group, for which two electrons are 
in Ak oribtt«d |131® as compared to 105®). In the excited state, with no electron in the 
Soi orbital, fte moterol© is sfoktly linear unlike the corresponding states of 

the other radleaJfe. Tie vSKmliotel ievefe show no «t g n -of a miTiirmim in 

the MJ curve (see p. ' ' ' ' ' 
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The spectram of AIH 2 is very similar to that of BHj ©x<»pt that th© roteticw^ 
constants are correspondingly smaller. As for BHa only on© electronic tranation hw 
been observed. The analysis of the AIH 3 spectrum is as yet incomplete. 

CHa. XJp to now, the absorption spectrum of CHa hM bwn ot«r\"«i only by the 
flash photolysis technique (just as those of BHa aJ^d AlHa). The strongwt spectra 
have been obtained by using diazomethane (CHaKa) as the parent compound. Two 
quite different spectra are obtained at different times after the beginiiing of th© 
photolysis flash. The first spectrum occurring earlier conskte of two Imnd systenw, 
one, fairly strong in th© red and near infrared region of the spectrum, and another^ 
very weak, in the near ultraviolet. These systems have been asBigned to singlet statM 
of CHa, the lowest being d The second spectrum, which appears sonwwhat 

later, occurs in the vacuum ultraviolet near 1415 A and is repioduced in Fig. 185. 
It has been assigned to a triplet transition of CHa. The lower state 

is the ground state of the molecule. The band at 1415 A is followed by a Rydbwg 
series of similar transitions [Herzberg (522)]. 

The simple fine structure of the principal hand at 14 15 A face Fig. 1 85 1 shows that tto 
molecule is linear (or nearly linear) in both upper and lower state. On the other 
hand, the red (singlet) spectrum (see Fig. 93) shows an alternation of band type similar 
to BH 2 , indicating that the molecule is strongly bent in the lower and linear or nmrfy 
linear in the upper state. The energy difference between the lowest singlet (d ^Aj) 
and the low'est triplet (A" ) state is not yet knowm, but there is good e\'iderice that 

the singlet is above the triplet state [Herzberg (521)], probably by k*as than 1 eV. 
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Fig 185. Ultraviolet ab^rptli» spectrum of and ^2 re^on 

142i-i419 A after H^zberg (52I>. (Mj a 1^ of ^h of ^ 

clearly msolTod. Wax of 'CHa l»»d am very diffiwe and w»© cmfy rfter 

the speetamn of €*®H3, wMdbi is much sharper, h^ be® 
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It should perhaps be emphasized that the triplet splitting in the — transition 
has not yet been resolved, but the indirect evidence that it is a triplet transition appears 
conclusive. 

The low-lying electronic states of CHg established in this w^ay are in excellent 
accord with the predictions from molecular orbital theory (see Chap. Ill, section 2d), 
and the shape of the molecule in these states is in good agreement with expectation 
from the Walsh diagram (p. 319) as w^ell as wdth more detailed valence-bond calculations 
of Jordan and Longuet-Higgins (649). The two states d and h arise by strong vibronic 
(Renner-Teller) interaction from the state of the linear conformation (see p. 343). 
The upper state c of the very weak near ultraviolet absorption bands is readily 
accounted for as due to the electron configuration . . .( 162 )^( 161 )^. The upper states 
of the Rydberg series have the electron configurations given in Table 36 [for details see 
Herzberg (521)]. In all these states the molecule must be linear (or nearly linear) 
since the transitions ha\’e very little vibrational structure. 

Figure 180 shows an energy level diagram of all observed electronic states. The 
limit of the Rydberg series is at 10.396 eV [Herzberg (522)]. It corresponds to the 
ionization of CH 2 to a state of the CVL} ion in w^hich it is linear (since CH 2 is linear in 
the Rydberg states). In view of the non-linearity of the ground state of the iso- 
electronic BH 2 it is likely that CH 2 is non-hnear in its ground state and that the 
ionization potential 10.396 eV corresponds to the first excited state, the analogue of the 
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excited state of BHs- In that cast^ the true ionization fjotmtial CHj would l>e 
smaller by an amount of the order of 0.3 eV. 

The low-lying ^Ilg state of CH2 arising from the configuration (ijrA has not yet 
been observed; the transition to it from thi‘ ground state is forbidden Imt might 1^* 
made allowed by vibronic int(*raetion. Also the and HI., .ntati*.- arising from 
havG not been observed. 

NH2. In NH2 up to now’ only one elecdronic transition has 

observed [Herzberg and Ramsay (537)] and analywHl in considt^rable detail |lJrf‘ss!t*r 
and Ramsay (308)] both for NH2 and NI32- This transition consists of the 
a bands of ammonia, know n since 1864 in emission in oxy-ammonia flames, but idem iflw! 
as due to NH2 only 12 years ago when they wen* first oljwrvcHi in absorption in the 
flash photolysis of NH3. 

In the ground state, the molecule is strongly bent as in the ground state of 

H2O w’hile in the excited state i it is nearly linear (st*e p. 2181. Again the** two state-s 
arise from a single ^11^ state of the linear conformation on account of a strong v ibronic 
(Renner-Teller) interaction. Because of the large change of angle a long progression 
of bands is observed alternately with even and Ofld K values (just as for the ns! bands 
of BH2 and CH2). The spacing ^ 2 ^^ of f^te lev’els with f = b in the upper state first 
increases and only toward the end of the progmssion starts to d<s*reas*‘. doublet 

nature of the electronic transition is recognized by small splittings of almost all ' lines*' 
(see p. 221). Just as for the red bands of BH2 and CH2 the transition moment of the 
NH2 bands is perpendicular to the plane of the rnoleeule (ty p- ( ' band< 1. A nunilwr of 
hot bands have been analysed by Johns and Ramsay (63Ha} yielding a \aliie for th** 
bending frequency V 2 iri the ground state. The rotational and Mbrational eriu^tants 
are summarized in Table 62. 

SiH2 and PH2. For both SiH2 and PH2 a progression of baud'* ha" b**eii « * I 
very similar in character to the red bands of CH2 and tht* a-bundsuf XIF. rt iv • i\ , 
[Herzberg and Verma (546), Ramsay (1042)]. The bamls appear to "UHi**w!iaT nn '!*■ 
complex than those of CH2 and NH2, but an analysis of ore* of tlie band" ha" 
recently been accomplished by Dixon, Duxbury and Ramsay |28tib ; tioia* of tht* SiHj 
bands have as yet been fully analysed. Both sjK*ctra correspond in all probability 10 
a transition betw’een tw’o states w’hich in the linear conformation euineid»', forming 
and ^11 states, respectively. For PH2 and PD^ the \ibrational inter\als of the 
upper state first decrease normally, but then increa.se appreeiabiy indicating, a." first 
pointed out by Dixon (285), an appreciable deviation from linearity in the exchted state 
(see p. 121). The analysis of the rotational structure gives an angh* of 123.1 . a." 
compared to 91.5° in the ground state. For SiH2, unlike CH2, no e\ i<lenee for t!i»‘ 
triplet states has as yet been found. Possibly here the lowe>t state is a "iiigK t state, 
viz., the lower state of the obseiw’ed bands. 

(b) Mono -hydrides 

Only two stable triatomic mono-hydrides, HCN and HCP, have bt^n Htudieii in 
detail, but analyses have been made of the spectra of seven fiw raxiicals: HCO, HXO, 
HPO, HSiCl, HSiBr, HOF and HCO. 

HCN. The far ultraviolet abeorption spectrum of HCN w’as first- stiidiefl by 
Price (1012) and late* by Price and WaMi (1029). They found strong diffii» bands 
below 1120 A and somewimt weaker dfecret© fo«ads betwwn 1550 and 1350 A. 
Bblgendcnrff (549) fesi a ^sten oC mi^ch weakar bwiJb at lon^r wweiengttis 
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from 2000 to 1700 A. This system was extended, and the fine structure of the bands 
was inv^tigated in detail for both HCN and DCN by Herzberg and Innes (527) who 
also obtained a partial resolution and analysis of the 1550-1350 A system. 

In the excited state of the main system, A — X , near 1800 A, the molecule is strongly 
bent, unlike the ground state, and this causes long progressions in the bending vibration 
V 2 to appear. The bands have a very simple structure since in the ground state the 
molecule is linear, and in the excited state it is very nearly a symmetric top. For such 
transitions the selection rule K' - T = 0, ± 1 is applicable (see p. 193) and since in 
the lower state only the 000, 010 and 020 levels (with V' = 0, 1, 2) contribute to the 
absorption, the number of sub -bands is greatly restricted. The previous Fig. 82 
reproduces one of the absorption bands showing a simple P, Q and R branch- The 
large ii-type doubling in the upper state, particularly for K' — I (see Fig. 80), confirms 
the non-linear structure. The sign of the X-type doubling, i.e., the fact that the upper 
levels of the Q lines are the lower iC-type doubling components, shows xmambiguously 
that the upper state is ^A'", that is, the transition moment is perpendicular to the plane 
of the (bent) molecule. This conclusion is confirmed by the complete absence of 
sub-bands with K' — I" — 0. Precise values for all three rotational constants A, B,C 
in the excited state have been determined (see Table 63 of Appendix VI). The strong 
predissociation observed for the higher vibrational levels of the A ^ A" state has already 
been discussed in Chapter IV. 

In DCN for which predissociation is less strong, a fragment of a second system in 
the same region has been found, wdth a similar bending frequency rj. Apparently for 
HCN this system is either much more strongly predissociated or more strongly over- 
lapped by the main system, so that it is not observed. The fine structure of this 
second system shows that here also the upper state is a ^A" state. The tw^o ^A" states 
probably arise from the excited and states of the linear conformation derived 
from the electron configuration Thus, for linear HCN the two transitions 

corresponding to A-S and B — N would be forbidden. It is for this reason 


d 




Fig. 187. Geometrical structure of HCN 
in the four known electronic states. 
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that in both band systems only transitions to upper levels below the potential osaximum 
corresponding to the linear conformation are olmerved (see Fig. 68 1 and that the spacing 
AG in the observed progr^ions vary so regularly. Towarcl the end of the OvaO — WO 
progressions a slight bending up of the AG curve is notiTOable |J ohns (6S5| | in agiwiiient 
with expectation from the discussion of quasi -linear molecules (Fig. 46). 

As shown by Fig. 88 the bands of the strong progr^ions starting at 1 566 A are 
diffuse and the diffuseness rapidly increa^ at shorter wavelengths. For the firet 
members of this transition — the R and Q heads of the J structure are still clearly 
recogmzable and the K structure is well r^olv^, showing both sub-bands with 
K' — U = 0 and if' — T = +1 (see p. 2()6f.). Thus the bands are hybrid bands having 
both jj and J_ components and therefore the transition moment is in the plane of the 
(bent) molecule, that is, the upper state is (not From the rotations! constants 

A, an approximate value for the H — C — N angle can be obtained (see Table 63). In 
Fig. 187 the geometrical structures of HCN in the four electronic statas discuwx! here 
are represented graphically. The C ^A' state is probably derived from the cnr^iT 
state of the linear conformation. If that is so, the transition <? — A" would be allowed 
in the linear conformation. Indeed it is much stronger than the A — X and — X 
transitions. Unfortunately, because of the increasing diffuseness the vibrationai 
structure near the “vertical” transition could not be analysed; it should show strong 
effects of quasi -linearity (see Chap. I, section 3e). 

The bands below^ 1120 A have not yet been analysed, and no Rydberg Merkis have 
been observed. Thus, no spectroscopic ionization potential is available. 

HCP. The analogue of HCN with P replacing N is a compound that has only 
fairly recently become available. The ultraviolet absorption sptectrum of HCP has 
been studied by Johns and Tyler (639). It is very similar to that of HCN but 
shifted to longer wavelengths. It begins with a weak extensive absorption nystem in 
the region 4100 to 3050 A. The bands show’ a simple fine siriieture with two P and 
two B branches showing that the transition is ^ 2 . Theanalogiie of t hi> i rari.-^it i* m 

in HCN has not yet been found. 

The next absorption consists of an extensive system of strong bands with well- 
resolved fine structure extending from 3000 to 2300 A. The principal system ls the 
exact analogue of the A — jl system of HCN. The molecule is strongly bent in the 
upper state which is found to be an A"' state, that is, the transition moment, as for 
H(5n, is perpendicular to the plane of the molecule. Overlapping the main system, 
three other systems have been identified. In the upper states of at ic^ast one of these* 
systems the molecule is linear. Another of these systems is probably the analogue of 
the S — X system of HCN. The analogue of the C — S system of HCN has not yet 
been found. It may lie in the vacuum ultraviolet region which has not yet been 
studied. 

The molecular constants thus far obtained are summarized in Table 63. 

HGO. For the HCO radical two electronic transitions are known, the hydro- 
carbon flame bands of Vaidya (1233) in the near ultraviolet and the r«i bands first 
observed by Ramsay (1040). In spite of much effort, the hydrc^arbon flame Imnds 
have not yet been analyzed in detail [see, e.g-, Hombeck and Hemian (567) and the 
recent paper by Vaidya ( 1235)], but the red bands have been fairly completely analyzed, 
both for HCO and DCO [Herzberg and Ramsay (538), Johns, Priddle and Ramsay 
(638)]. The principal bands consist each of a simpte P, Q and R branch as shown by 
Fig. 92. The considCTable combinaticm defect which m evm largOT in DCO (s^ p. 213) 
shows 'ConcluMvely that tib© m olecole is sfcron^y in the lower state hut Mriwffl* in 
the upper state of the hwods. Assumir^ a COBE disfanoe of 1.08 i 0.01 A, 'Cmm finAt for 
tibe ground state an wagH© cif 110*5** and a CXI 'dwlaaw of l-Ml A- 
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Even though the molecule is strongly bent in the ground state, it is still nearly a 
symmetric top. The presence of strong Q branches in the observed bands shows that 
they must be clarified as sub-bands of 1. bands {LK = ± 1 ): the transition moment is 
perpendicular to the figure axis. Since the Q lines are foimd to originate in the lower 
components of the K doublets (see Fig- 81), the transition moment must be perpendicu- 
lar to the plane of the moiecule. Thus the electronic transition is either ^A" — ^A' or 
^A' — ^ A", From the electron configuration there can be little doubt that the ground 
state of HCO is a ^A' state an<i therefore that the observed transition is - M'. 

According to Chapter II, section 3a(jS), one would have expected each band to 
consist of a number of sub-bands corresponding to the different K values of the lower 
and the different / values of the upper state. The reason that only one sub-band is 
observed has been found to be the result of a strong predissociation which affects 
all but the sub-level with Z = 0 of the upper state. Johns, Priddle and Ramsay (638) 
have gi\'en strong evidence that both electronic states of HCO arise by a strong Renner- 
Telier interaction from a ^11 state of the linear conformation similar to the situation in 
NH 2 . If the upper state is electronically ^A", its observed sharp levels (with Z = 0 ) 
must be^ vibronieally Since the only state into which the molecule can pre- 

dissociate at the observed energies is the (or electronic state arising from 
+ CO(^S'^) (which is also the ground state, see Fig. 181) and since this state has 
no “ (or ^A") vibronic components it is clear that in the excited state the ~ vibronic 
levels are not subject to predissociation except at higher J values (see Chap. IV, 
section 3). vibronic levels occur in an electronic 11 state only for odd V 2 and they 

form the upper states of the sharp absorption bands. Halfway between the sharp 
bands diffuse bands are observed corresponding to even r 2 , that is odd K'. These 
levels are strongly predissociated. Sub-bands with K' — 2 which should be close to 
the sharp {K' = 0 ) bands are so strongly predissoeiated that they are not easily 
recognized; they have however been detected by Johns, Priddle and Ramsay by 
careful photometry of the background near the sharp bands. 

The hydrocarbon flame bands have probably the same lower state as the red 
bands of HCO; but up to now no confirmation of this assumption by agreement of 
vibrational (or rotational) combination differences has been obtained. 

HNO. The absorption spectrum of HNO (and DNO) was first observed in the 
flash photolysis of nitromethane and related compounds as well as of mixtures of HH 3 
and by Dalby (264) who analyzed three bands of each isotope. More recently 
Bancroft, Hollas and Ramsay (93) have greatly extended the analysis. The spectrum 
consists of a strong band with numerous sub -bands near 7500 A and a number of 
weaker bands of similar structure at shorter wavelengths extending to 5500 A. The 
corresponding emission spectrum was first observed in the reaction of H atoms with 
NO by Cashion and Polanyi (183) and studied in detail by Clement and Ramsay (204). 
It extends from 6000 to 9600 A. Figure 109 shows a part of the main band in absorp- 
tion. The fine structure of the sub -bands is easily analyzed- -K-type doubling is 
readily recognized in many of the sub-bands (see Fig. 109). The band is a typical J_ 
band of a nearly symmetric top, that is, the molecule is bent in both upper and lower 
state- The rotational constants have been accurately determined, and are listed 
together with the geometrical parameters derived from them in Table 63. The 
H — — ^0 angle is 108.6° in the ground state and 116.3° in the excited s^te. 

As in HCO, the temsition moment of the bands is perpendicular to the 

plane of th» naoleciile, that is, tite faransition m or Since from 

the etectron coii%nration we expect ground state to be ^A', thse upper state must 
be F«r Knea* HNO, &e gimmci ^eefeoaic state would have the electron ©on- 

figuration — (like gjivmg to s|«lee of wMch 
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would be lowest. However, for bent HNO according to tlit* Walsh diagram 
Walsh (1265)] the lowest state would probably be , . . which 

correlates with the state of the linecir conformation. The first excited singlet 
state would be expected to be ... which also correkt€*s with "^A. 

Thus the tw'o observed electronic states are in ail probability derived from the ^A state 
of the linear conformation. The state or its analogue in the lM»nt conformation 
has not yet been found. It must lie very low' and might even be the true groiiiicl 
state. 

Clement and Ramsay (204) have observed a breaking-off of the K struct un^ in 
the 000 — 000 and 010—000 emission bands of the A — JL system, and Bancroft, Hollas 
and Ramsay (93) have observed a diffustmess in the 101 — (MM) absorption band. The 
predissociation limit lies at 17,000 cm“^ for HNO and 17,100 cm- ^ for DNO. Thc» 
numbers represent upper limits to the correspomling dissociation energies into H + NO 
and D + NO respectively. The state causing the prediaswiation is probably the ^A^ 
state arising from normal H + NO, and correlating with in the lin€*ar conforma- 
tion. This point as well as the mechanism of the emission of the HNO bands in the 
H + NO reaction has been discussed in more detail by Clyne and Thrush (213). 

No other spectra associated with HNO have yet been found. Since the lifetime 
of HNO is about 0.1 sec, a further study of its ultraviolet spc^ctrum would not be 
difficult. 

HPO, A spectrum in the region 4500-65(M) A long known to (x*cur in the flame of 
phosphorus burning in hydrogen [see Ludlam (782)] has rwently studitnl under 
improved conditions and at high resolution by Lam Thanh and Peyron |716|. They 
have show'n that this spectrum is the exact analogue in HPO of the HNO s|>«^*trum 
discussed above. It also represents a Ld"' — ^.4 ' tramsition and the molecule is strongly 
bent in both electronic states. The molecular constants obtaiixxi by l^m Thanh 
and Peyron are included in Table 63. 

HSiCl and HSiBr. In the flash photolysis of SiHyCl and SiH^Br, HeralxTg and 
Verma (545) observed two extensive systems of absorption bands in the region 
5000 A consisting each of widely spaced branches of “lines". (I’loser inspc^etioii shows 
that the ‘Tines” are actually Q branches of sub-bands each of which is accompanied 
by P and R branches. The widely spaced K structure shows that the moiwules are 
nearly symmetric tops with one very small moment of inertia in both upper and lower 
state. The deuterium isotope effect as well as the absence of an intensity alternation 
show' that only one H atom is present in the molecule. Similarly the Cl and Br isotope 
shifts show that one Cl and one Br respectively are present in the molecules responsible 
for the two systems. These observations together with the detailed fine structure 
analysis leave no doubt that w'e are dealing with the spectra of (non-linear) HSiCl and 
HSiBr. The HSiX angle in the ground state is 103T in the excited state 116i From 
the shading of the unresolved Q branches with X' = 1 and X"' = 1 it follows (see 
p. 253f.) that the transitions are of the type A" — A\ 

The same band systems have also been ot^rved in emission, in the fluorescence 
produced by the same flash that photolyses the jmrent compoimd. Th<Me fluorescence 
spectra extend to 6000 A and yield some of the vibrational levels of the ground states. 
The r^rulting vibrational frwjuenci^ of both state© as well as the rotational constants 
and geometrical data €ir© included in Table 63. 

An interesting feature of the HSiC!3 and HSiBr bands is the presence of branch^ 
with AK = ± 2 in additicm to tlwse with AK = ± 1 aiMl 0. The appearance of the« 
branches cannot be ascribed to tjkwiaiions flro«a the syminetric top since tb^se deviations 
are eDCtramely ftTnfl.ll (6 « — 1.00052 for HSKl) and much more asyinnaefa^ lao^jles 
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do not show any evidence of such branches in agreement with their predicted weakn^s, 
Herzberg and Verma (545) and Hougen (574) have suggested that the reason for this 
anomaly is spin-orbit interaction, in other words, that the electronic transition is 
^A "" (see p. 268). However, the absence of an observable triplet splitting is 
difficult to account for. An alternative explanation would be “axis switching” (see 
p. 208). 

HGF and HCCL Merer and Travis (825)(829) have recently obtained extensive 
spectra of HCF and HCCl in the flash photolysis of CHFBrg and CHClBr2, respectively. 
The observed bands are clearly those of a nearly symmetric top, that is, just as for the 
iso-electronic UNO and HPO, the molecules are bent in upper and lower states. The 
electronic transition is of the type ^A'^—'^A'. Preliminary values of the molecular 
constants are included in Table 63. 


(c) Non-hydrides 

Electronic spectra of a large number of triatomic non-hydrides are known. We 
shall consider here only the more important ones, but include several others in Table 64. 

C3. The spectrum of C3 near 4050 A was first observed in comets by Huggins (586) 
and in the laboratory by Herzberg (519); it was first identified as belonging to C3 by 
Douglas (292). The 0 — 0 band of the system at 4050 A is reproduced in Fig. 72; it 
consists of simple P, Q and R branches with alternate missing lines [with CJ® an 
intensity alternation is found: Clusius and Douglas (211)]. Recent work in absorption 
under very high resolution has established that this system is a ^Hy — ^2^ transition 
and that the molecule is linear in upper and low’er state [Gausset, Herzberg, Lager qvist 
and Rosen (410)(411)]. Even in absorption at low temperature the vibrational 
structure of the spectrum is fairly complex. The reason for this complexity has been 
found to lie in the fact that (1) the bending frequency of the ground state is extremely 
snaall (v2 = 63 cm”^) and (2) that the Renner-Teller splittings in the excited state are 
very large (e = 0.537). Thus even at room temperature V 2 is excited by several quanta 
and the 1 — 1, 2 — 2, . . . bands in V 2 consist of several strong and widely spaced sub- 
bands (see p. 158f.). 

There is some evidence for a ^rTy — ^2^ transition at longer wavelengths, and 
I several perturbations in the main system [see Gausset et al. (411)] are probably caused 
by the ^Ily state. 

As previously discussed in connection with Table 37, the states ^2/, ^Ily and ®IIy 
are expected from the electron configurations as ground and first excited states. 
Possibly one or two of the states of the configuration 

(40,)=^ {iTTun^uf Itt, I2y , 12^, lAy, 

lie in the energy range of the ^Hy state but have not as yet been identified. A con- 
tinuum with a peak at 4000 A which occurs in conjunction with the 4050 group in 
enuOTion in a King furnace [Phillips and Brewer (978)] has more recently been inter- 
preted by Brewer and Engelke (148) as due to the la^e number of unresolved vibrational 
bands v^ch must ):» expect^ in the ^11 — ^2 Systran at hi^ temperature. The 
^)ectrtim of C3 at liquid h^um temprarature in inert gas matrices has been studied by 
Bargra: and Brokia (96) mtd Weltoer axid his collaborators (1288)(1289)(1287). 

GCN and CMC- Ifarer smd Travis (8^) have recraiMy observed in the flash phot- 
olysis of d»zMEKseAo«jiitei|e a fi|)©efeF!iin 'in r^on 4110 to 3480 A,, which they have 
fifcown to te d«»'to laEtesote. *Hire© cfectocmiB feansatioiifi, two ^ — and 
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one ^A~^n have been identified. The molecule is linear in Iwth upper and lower 
states. No intensity alternation occurs in the branches showing that the niolwiile iin»t 
have the unsymmetrical structure (X^N. The agreement of the obsen’^i electronic 
states with those predicted from the electron configuration | Table 37), as well ae the 
isotope shifts observed w^hen an substituted parent compound was uml, confirm 
the assignment of this spectrum to the CCN molecule. Renner^-Tdler splitting have 
been found for both the ground state and the excited state. Still more recently 
Merer and Travis (828) have identified two band system® of the isomeric CNC molecule 
in the region 3320 to 2830 A. Alternate lines are clearly missing in the branches of 
these bands, thus establishing the symmetrical structure. The moiwular constants 
of both isomers are included in Table 64. 

NCN. A strong group of bands near 3285 A was observed in emi«ion by Jennings 
and Linnett (627) by introducing various hydrocarbons into a stream of active nitrogen 
and in absorption in the flash photolysis of diazomethane by Herzberg (521). I&otope 
investigations and the observed intensity alternation in the fine structure show that the 
carrier of this spectrum is symmetrical iineax NCN [Herzberg and Travis (543)]. The 
fine structure analysis shows it to be a ^Hu — transition in agreement with pre- 
diction (see Table 37). The C — N distance is so nearly the same in upper and lower 
state that only sequences have been observed and no vibrational frequencies could be 
determined. The spectrum exhibits the first clear example of a Renner-Teller splitting 
in a triplet state (^11^). Milligan, Jacox and Bass (851a) have ret.*ently obet^rved the 
infrared spectrum of NCN in a matrix at low' temperature, and in addition a further 
ultraviolet absorption system in the region 3060 to 2400 A. Quite recently Kroto 
(699aa) has observed a singlet transition (^Hu — ^Aj,) of NCN. 

BO 2 , GO 2 , CS^, N3, NGO, N20’^. For the symmetric molecuiw with 15 
valence electrons BO2, CO2 » CSJ » H3, one or both of the predicted transitions ^Table 
37) — and have been observed in the visible and near ultrav iolet 

regions (see Fig. 78, p. 192). The linear and symmetrical structure of tht*w* mole- 
cules follows unambiguously from the fact that alternate lines in the branch^ are 
missing and from the absence of K structure. Similarly the unsymmetrical 
NCO and N20'*' exhibit the corresponding transitions ^11 — ^fl and Pig 

74 and 75). All observed ^IT states show a Renner-Teller splitting: whenever the 
bending vibration V 2 is excited. The magnitude of this splitting is largest in the 
ground state, the Renner parameter e being about 0,20, w'hile in the excited ^11 state 
it is much smaller. The most detailed analyses are those of BO2 [Johns (630)], NC<i 
[Dixon (281) (282)] and N20'*' [Callomon and Creutzberg (174)]. As usual for linear 
molecules, the spin -doubling is w'ell resolved. The geometrical structure is completely 
determined in the symmetrical molecules. For the unsymmetrical raoleeuIc« isotof»e 
studies would be required to obtain the two intemuclear distances separately. Such 
studies have so far been carried out only m N20'*' (174). 

It is interesting to compare the bending frequencies V 2 in the ground states of thew 
molecules with those in corresponding molecules with 16 valence electrons on the one 
hand and those with 12, 13 and 14 valence electrons on the other. As the number of 
valence electrons metises from 12 to 16 the bending frequency increM^ from a very 
«ynfl.n value (C3: 63 cm“^) to a value ten timm as large (CO2: 664 cm" ^). It appeara 
that it is the number of electrons that are in the Iwg cwbitdl that detormines the stability 
with respect to bending in aooordanoe with the Walsh dii^rmm Fig. 126 [»e also Waidi 
(1269)]. Ihe molecules with 12, 13, . . ., 16 Valero etectrons have 0, 1, 2, 3 and 4 
electrons in tibis orMtal (see TaJble 37). In aJi the low excited state, the bending 
frequency is thjKn in the grewni ^ate siiM» mor© ©tebroiM are pr^»nt. 

A been c^bs^rved in &e — • *II oC NCX) alK>v© 33700 em""^ 
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[Dixon (282)]. This predissociation limit cannot correspond to a dissociation into 
N(^S) + C0(^S'^) because the diffiiseness can hardly be caused by a transition with 
A6’ = 1. It must either correspond to dissociation into N(^D) + C0(^2) or into 
NC(®S) + 0{^P) leading to an upper limit of 1.8 eV for D(N — CO) or 4.2 eV for 
D(NC~™0). 

All the absorption bands of K3 except the 0-0 band are diffuse, implying 
D(N — N2) < 4.55 eV (again assuming that the predissociation cannot be an inter- 
combination). 

Only transitions involving the orbitals Sou and Irrg have been observed for 
the molecules here considered but a more highly excited ^2+ state of CO^ lying 
45320 cm~^ above the ^rif ground state has been derived from Rydberg series of CO2 
by Tanaka, Jursa and LeBlanc (1189). It probably corresponds to removal of a 4:Ug 
electron from CO^ (see Table 37). 

CO2. Carbon dioxide does not show any absorption in the visible and near 
ultraviolet regions. Lyman (785) and Leifson (736) were the first to observe the 
vacuum ultraviolet absorption spectrum- This early work was extended to shorter 
wavelengths by Henning (494) and Rathenau (1058). More recently, Wilkinson and 
Johnston (1302), Inn, Watanabe and Zelikoff (604) have reinvestigated the longward 
part of the vacuum ultraviolet absorption spectrum while Tanaka, J ursa and LeBlanc 
(1189) and Tanaka and Ogawa (1191) have reinvestigated and extended the short ward 
part. 

In emission in discharges through CO2 the spectrum of CO^ is most prominent (see 
p. 499), but in addition, under special conditions, for example, in a high voltage arc 
[Feast (373)], a group of bands is observed between 5000 and 3500 A which also appear 
in emission in the carbon monoxide flame. They are usually referred to as the carbon 
monoxide flame bands [Weston (1291), Kondratiev (688), Fowler and Gaydon (394), 
Gaydon (413)]. These bands were first ascribed to CO2 by Kondratiev (688) and 
while this assignment has been generally accepted following Gaydon’s (413) work a 
detailed analysis and confirmation was lacking until the recent work of Dixon (284)(283). 
5, Dixon obtained high resolution spectra of the afterglow of a discharge through CO2 
^ which gives some simplification to the spectrum because of a low rotational temperature. 

* It is probable that the upper state of the flame bands is the same as the upper state of 
the diffuse absorption bands in the region 1750-1400 A. Because in the excited state 
the molecule is strongly bent (122^ + 2^) transitions from the minimum of the upper 
state lead to very highly excited vibrational levels of the groimd state and occur in the 
visible and near ultraviolet regions. The coarse and fine structure of the bands fit 
with the predicted higher vibrational levels of the ground state. It is greatly affected 
by Fermi resonances between these vibrational levels. The excited state has been 
identified as a ^^2 state derived from a state of the linear conformation (see Table 37 ). 

In absorption CO2 is completely transparent at least to 2100 A. This transparency 
has been confirmed by experiments in the liquid phase by Eiseman and Harris (347) 
as well as by unpublished investigations of the writer with a path of up to 250 m of 
CO2 at atmospheric pressure. 

The first known absorption of CO2 starts very gradually at about 1750 A, reaching 
a maximum at 1475 A. It consists of rather diffuse bands which are overlapped by a 
CMmtInuum [sro Frioe and Simpson (1021)]. The intensiti^ and spacings of the bands 
are quite irregular , Figure 188a gives a recording of this r^on as ob^rved by Tun, 
Wataiiirfse and Zelikoff (604). The second absorption region is represented in Fig. 
188b. Bfar© the tends somewhat sharper and more regular and have an intensity 
max i mi m a new 133© A. 'Thar© are two progre^CM® in ffequency 1225 cm~ but 
the teads are toO'dilteB for a ilalailed 
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Fig. 188. Absorption curves of CO 2 in the regions {a) 1750 to 1400 A and ib\ 1450 to 
1150 A, after Inn, Watanabe and Zelikoff (604). TIk^ ordinatf r»*{)r» nts the absjjrptiun 
coefficient in cm”b 

According to Walsh (1264) and Mulliken (914), the upper state of the first absorp- 
tion system (which is probably also the upper state of the carton monoxitie iUnw bands 1 
corresponds in all probability to the configuration . . . of the Iiii«*ar eontoriua- 

tion; but in fact the molecule is bent in this state in accordance with the Walsli diaurain 
Fig. 126. Here it is interesting to note that the ground state of N O 2 woi ih i in t ht* !iiit-ar 
conformation have the electron configuration . . . and again because of tlic 

presence of the 27ru electron the molecule is actually bent. The second absorption 
system of CO 2 according to Mulliken corresponds to an excitation from the orbital 
to 27ru. Such a transition would be strongly forbidden in linear CO 2 but may well 
occur weakly if the molecule is bent in the excited state. 

Below 1150 A there are extremely strong absorption bands mmt of which belong 
to four Rydberg series going to’ the first ionkation limit of CO 3 (see Tabfe 04 1 . 
The two main Rydberg' series with rii^tly differeiit limits f 1 1 1060 and 1 1 1240 cm | 
correspond to- the two iCotaponente of tto grouwi state of COa which according to 
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tht* analysis of the CO 2 spcwtrum are separated by 160 cm"^. The smaller of the two 
R 3 ’dberg limits gives an ionization potential of 13.769 eV. An ionization continuum 
joining onto the Rydberg limit h&s been observed by Tanaka, Jursa and LeBlanc (1189). 

Even though the rotational fine structure has not been resolved for any of the 
Rydberg bands, it is clear that in all the upper states the molecule is linear since 
is linear (see above). This conclusion is also in accord with the absence of long 
progressions in the bending vibration. No definite assignment of the observed Rj’^dberg 
series to specific electron configurations has been made. Several progressions in Vi 
not belonging to the Rydberg series but occurring in the same spectral region have 
bwn recognized. Further work is needed to establish their interpretation. 

Below 899 A, the first ionization limit of CO 2 , further strong Rydberg series have 
been found by Henning (494), Tanaka, Jursa and LeBlanc (1189), and under much 
improved resolution by Tanaka and Ogaw^a (1191). We reproduce in Fig. 189 one of 
their spectra which shows most of these Rydberg series. One series with a fairly long 
progression in for each n value converges to the first excited state of CO^ and 
thus corresponds to the removal of the electron from the ground configuration, of 
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TBI ATOMIC MOLECULES 


503 


V, 1 




COz* 

2 = 22 + 



Fig, 190. Observed electronic states (A CO*. Hm levels aro grouped acrording to ti» 
Rydberg series to wbicb tbi^ belong, exoept tlse levels, J[, 5, 0 and F , wliicli, like the ground 
state 1, cannot be assigned to any partimilar serk». Him throe series go^ing to the high«t 
level of CX )'2 are not seiwrated in tb© diagram. Ebcoept for tlwB lowwt statw of tlM!» seite®, 
thft y urouM coincide on itho seate oC tibis- diagprom. 
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CO 2 {see Table 37). The higher series members are split into two components about 
90 cm”^ apart* corresponding to the two components ^rifu and ^Hiu of ^nu(CO|’). 
The vibrational intervals converge within the accuracy of the measiirements to those 
of COjJ' known from the near ultraviolet emission spectrum (see Table 64). The two 
seriw first found by Henning (see Fig. 189) converge to 685.9 A, corresponding to the 
second excited state of CO^. Bands with = 1 have also been observed. 
Finally, Tanaka, Jursa and LeBlanc (1189) have observed three Rydberg series below 
686 A w'hich converge to 639.4 A, corresponding to the predicted (but not yet directly 
observed) state of C02^ . The last two limits and ) correspond to removal 

of an electron from the da^ and 4ag orbital respectively. 

The absorption spectrum of CO 2 at still smaller wavelengths, down to 160 A, has 
been studied under low resolution by Astoin, Sanson and Bonnelle (80). They observe 
three distinct cent in ua which they ascribe to various dissociative ionization processes. 
Sun and Weissler (1178) have measured absorption coefficients betw^een 1300 and 375 A. 
The strongest absorption occurs at 923 A, with an absorption coefificient k — 3000 cm~ 

In Fig. 190 we present a diagram of the electronic energy levels of CO 2 based on 
the data just discussed (see also Table 64). 

CS 2 . Carbon disulfide with the same number of valence electrons as CO 2 shows a 
very characteristic absorption in the region 4000-3500 A which extends to shorter and 
longer wavelengths when the pressure is increased. Even under medium resolution it 
appears like a line spectrum. It was first recognized by Jenkins (626) that each “line” 
is a head of a band with a simple fine structure. The first detailed rotational analysis 
of several bands w^as accomplished by Liebermann (746). In spite of the linearity of 
the molecule in the ground state, the vibrational analysis has presented considerable 
difficulties, but recently Kleman (680) has been able to obtain a fairly complete analysis 
of the longward part of the spectrum on the basis of high dispersion spectra which 
allowed a decision on the band type of each vibrational transition. A considerable 
extension of Liebermaim’s rotational analysis has recently been accomplished by 
Douglas and Milton (298). In the previous Fig. 84 several bands of this band system 
w’ere reproduced which show clearly the effects of iC-type doubling and therefore 
establish the fact that the molecule is bent in the excited state. 

As one approaches the center of the absorption region, strong perturbations in the 
vibrational structure begin to appear which soon make further analysis impossible. 
It is likely that a second electronic transition is overlapping the first, and is the cause 
for the high degree of complication of the shortward end of the spectrum. 

Mulliken (892)(914) has suggested that the upper states of the CS 2 bands must be 
analogues of those of the CO 2 absorption bands near 1475 and 1330 A (see above), 
that is, are probably and ^^2 derived from the configuration of the linear 
conformation. The rotational structure of the first system is indeed compatible with 
a upper state, How^ever, Douglas (293) has shown that the CS 2 bands under 
discussion show a noticeable Zeeman splitting, indicating that the excited state has a 
magnetic moment and therefore strongly suggesting that it is a triplet state. But no 
triplet splitting was found in any of the absorption bands. 

More recent work by Douglas and Milton (298) has shown that the magnetic 
moment in the excited state, instead of being independent of «7 as would be expected 
for a pur© (b), actually increase approximately linearly with J, Such an increase 
» expfseted im B 2 csomponcaat nf a ^A^ state if it is near eai^ (c) (see Chap. II, section 
4). The weakn^ of ihe two triplet oompon^ts (Ai + Bx) can be understood 
by a delaied Iheor^cal discussmn [Houg«. (576)]. The ^2 excited state 

prol^My mrfaes feoroa fiie . . . m the nfir* state of the lin^ir confor- 
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A second much stronger absorption of CSa occurs in the region from 2200 to 1800 A 
with a maximum at about 1970 A [Price and Simpeon (1020), Hauptman (483), 
Ramasastry and Rao (1038)]. Recently Douglas and Zanon (302) have obtained a 
partial rotational analysis of a few bands in this system and have showm that, as for 
the near ultraviolet system, the molecule is strongly bent in the upper state and that 
the transition moment is parallel to the a-axis, i.e., that the upper state is The 

vibrational structure is still only very incompletely understood. 

Between the 1970 A system and the beginning of the strong Rydberg B«?rie« at 
1375 A, the following features are observed: a single strong diffuse band with two 
intensity maxima at 1815 A, a w’eak progression in a frequency 830 cm"^, a very 
condensed group of sharp bands, probably a sequence (O-O, I — the bending 

vibration, at 1595 A, and another fairly intense and complicated system between 1535 
and 1450 A. The tw'o narrow groups very probably correspond to upper electronic 
states in which the molecule has very nearly the same structure as in the ground state, 
just as for the upper states of the Rydberg bands. More detailed investigation of these 
transitions under high resolution would be interesting. 

At 1375 A begin two strong Rydberg series w'hich converge to 81299 and 81735 
cm"^ corresponding to the tw’o components of the ^flg ground state of CSj* . These 
series, first observed by Price and Simpson (1020), have recently been extended by 
Tanaka, Jursa and LeBlanc (1190). The separation of the two limits is in good 
agreement wdth the splitting found by Callomon (172) in the emission spectrum of 
CS 2 , viz., 440 cm~^. A number of further strong RydfcK.Tg series have Ixen found at 
still shorter w^avelengths by Tanaka, J arsa and LeBlanc (1190), Tw o of them converge 
to 116760 cm”^, three others to 130600 cm“^ and one fairly weak one to 157390 ein” L 
The three limits correspond to the three excited states , ^11^, ^1!,* of CVS^ of which, 
how’ever, up to now only the first has been established in detail [Callomon (172)]. The 
agreement of the energy^ difference of the two limits 116760 and 81299 eiii" ^ w ith the 
energy of the (only known) excited state (^S^ ) of CS 2 is again \ ery satisfactory. 

N 2 O. In contrast to carbon dioxide, nitrous oxide (which has the same nuniKHT 
of electrons) does absorb in the near ultraviolet. Using an absorbing path of 33 m am 1 
a pressure of 5 atm., Sponer and Bonner (1150) observed a continuous absorption 
starting at 3065 A wdth a flat maximum near 29(X) A. It is followed by a .st^cond ami 
third continuum starting at 2820 and at 2600 A, and w ith maxima at 2739 and 1829 A, 
respectively. The tail of the third continuum near 2600 A w as first obser\ f*<i by Diitta 
(331) wdth an absorbing path of 1 m at 1 atm. pressure. There is a brt-ak at 23«M» A, 
after w’hich there is a rapid rise so that the maximum at 1820 A can be obst^ri ed with a 
path of 5 cm and less than J atm. pressure [Zelikoff, Watanabe and Inn ( 1330) ]. W’eak 
very diffuse bands are superimposed on this continuum. Both Sponer and Bonner, 
and Zelikoff, Watanabe and Inn have discussed the correlation of these three eontinua 
with the various dissociation products N 2 (^ 2 ) -f 0{^P), N 2 (^ 2 ) + 0(^i>), NOf^Il) ^ 
N(^S), N 2 (^^) + 0(^<8), . . . . Zelikoff and Aschenbrand (1327)(1328) have eliminated 
some possible reactions by photochemical experiments at 1849, 1470 and 1236 A. 

The first discrete region of absorption of N 2 O occurs between 1600 and 14CH) X 
[Duncan (320), Zelikoff, Watanabe and Inn (1330)]. There is a progression of fairly 
rapidly converging diffuse bands with a spacing of 800 cm"'^ at the longw'ani end and 
400 cm~^ at the shortward end. Figure 191a gives a photometer curve of this region. 

The absorption just menticHned is followed by another oontinuum, reprtwnting the 
strongest absorption feature above 1000 A. It is shown in Fig. 191b. The symmetrical 
shape of this absorption is renMrkable. Thwe m an additional narrow peak ne«yr the 
miftLyiTOOTTO. It M »aofc i<4®ar the cjcmtinuum w the peak is the firet iromfoer of a 

itydb^ Beywi 1'2»0 A two Eydb«g of ateorption bands whWi 
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1260 A after ^ (*) 138» to 

oo^6ewateinem->. Note t^^er^t ^ ‘>’’^*0 "’Ptesente absorption 

m300 cm-i corr^x»ding to the two components of the 
state as obtaited W splitting of the ^n 

POoraigteew«Bti.r^*^f ^»eteum by OalloiiKm (173) is 133.1 cm-i. The 
J^^^n«^beita. Th^ ^ that the eectsui Rydbteg series could not be foUowed 

P'*^««oSSn^lr"^r two series and the resulting ionization 

s* m Xal^ 64. A few irr^ol^ baads are superimposed on tfe© fir^ 
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members of the Rydberg series [see Zelikoff, Wataimbe and Inn ( 1 330)], WheiJMr tJbay / 
belong to them or represent other electronic transitions is not clear. 

At wavelengths shorter than the first Rydberg limit Tanaka, Jurm and LeBljmc 
(1190) have observed two further Rydberg series converging to 132230 cm"\ and at 
still shorter wavelengths, four Rydberg series converging to 162165 cm"’*. Hi© 
difference of the limit 132230 cm“^ from the lowest limit is 28230 cm" ^ which agr^ 
remarkably well with the energy of the ^2+ state of N 2 O* above the ground state for 
which Caliomon gives 28229.8 cm~^ The limit 132230 cm“^ corr«pond», theriTore, 
to the removal of a 7<t electron from the ground state configuration of N3O, while the 
limit 162165 cm”^ presumably corresponds to the removal of an electron from the 
next lower orbital. A number of vibrational bands have been found to awjomimny the 
Rydberg series with the intermediate limit. This is not surprising since the change of 
B value in going from the ground state of N 2 O to the state of k 

larger than in going to the ground state of There is, however, no questicw 

that in all Rydberg states the molecule is linear since the NaO"*' ion is Ihaear in both 
known states and very probably also in the state corresponding to the high«t otoervcd 
Rydberg limit of N 2 O. 

Astoin (79) has extended the absorption spectrum of N 2 O as far as 160 A but with 
very low resolution. There appear to be strong discrete bands between 200000 and 
375000 cm“^, and a continuum between 400000 and 600000 cm"h 


NO 2 . Nitrogen dioxide with one more electron than CO 2 (or N 2 O) doei« show’ 
absorption in the visible region causing its orange color. This absorption consists of a 
large number of mostly ill-defined bands each of w’hich consists of a large numlM^r of 
irregularly spaced fine lines. Figure 192 show’s three sections of this speetrum, one 
showing a rather distinct band (at 8370 A), the second showing the more usual \'er>' 
irregular ill-defined structure between 4555 and 4542 A, w ith a siij)erimfK>rtt*d baini of 
simple structure recently recognized by Douglas and Huber (296|, and the third 
showing a similar band in the diffuse region near 3910 A (see Chap. IV, p. 483). The 
spectrum extends w’eakly into the near infrared up to 10300 A and fiossibh' k-yoini 
[Douglas and Huber (296)], its intensity maximum is at about 4000 A, but it extends at 
least to 3000 A in the ultraviolet. No complete description of the spectrum has as yet 
been published [see, how’ever, the curve for the absorption coefficient under low 
resolution published by Hall and Blacet (462)]. 

The absorption of NO 2 in a solid matrix at 4“K has been studied by Robinson, 
McCarty and Keelty (1080). Even at this temperature the spectrum remains sur- 
prisingly complex. Wood and Dieke (1318) and more recently Douglas (294a| have 
studM the magnetic rotation spectrum corresponding to the visible al»orption and 
have obtained some simplification of the spectrum. 

The fluorescence of NO 2 produced by exciting lines in the visible has been studied 
by Heil (488), Neuberger and Duncan (929), and recently by Douglas (294a|. The life- 
time of the excited state was found to be 44 psec. This life-time is longer by a factor 
100 than the life-time expected from the integrated absorption coefficient. Douglas 
(294a) suggests that this differmoe is connected with strong perturbations of the excited 
state by the numerous vibrational levels of the ground state. 

The visible NO 2 bands have also be^ observed as chamiluminieasence in the 
reaction between NO and atomic oxygmi [Kaufman (663), Brmda, Schiff and Sugden 
(157)]; indeed, it is probabte that toe ^>ectoum of toe ^ aft«glow m a pseudo- 
continuum produced by many overia|3|toig bands of this teansatMm, 

'Quite rmmMj Doogjte wmI Huber (296) have snomeAdd in anrfymig a simple 
ppogres^n ^of ban* amcmg to© ^s^bfe bawte. T* spacang of toe Iwyo* m 

Sm They consist of simple and IT teMielwsMrf mart be to ^ 
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K' = — I sub-bands of a — Mi electronic transition. A low-lying ®Bi 

state of NO 2 is predicted from the electron configuration (see Table 38 1 , vi 2 ., 

...(462P{26i) 

It arises together with the . . .( 462 )^( 601 ) Mi ground state from the . . . Iirj27ri* ®I1 b 
state of the linear conformation. From the Walsh diagram the molecule is prwiicted 
to be much less bent in the state than in the ground state. Bands with higher K' 
values have not been identified, probably because K' 0 levels, in contrast to the 
K' 7= 0 levels, are strongly perturbed. At any rate, the if ' = 0 levels of the Biau\ 
which correspond to vibronic levels in the linear conformation, cannot be per- 
turbed by any of the higher vibrational levels of the ^Ai ground state. 

A much more regular absorption of NO 2 extends from 2500 A to shorter wave- 
lengths with a few “hot” bands preceding it (see Fig. 183). It show's a veiy^ striking 
predissociation starting at about 2480 A (see Chap. IV, section 3). The 0 — 0 band at 
2491 A has recently been analyzed in detail by Ritchie, Walsh and Waireop (1072). 
As had already been recognized by Harris and King (476), the band is a parallel band 
of a nearly symmetric top, i.e., the transition moment lies in the top axis ( J. to the 
symmetry axis). Thus, the upper state must be a ^jB 2 ntate. Tliere is a considerable 
change in the angle and in the N — O distance. It seems probable that the upper state 
jS ^B 2 arises from the configuration . . . ( 462 )( 6 oi)^. 

The S — Jt transition is follow'ed by a progn?ssion of diffust* bands from 2350 to 
2000 A w'ith a spacing of about 940 cm"^. This progression may possibly part of 
the S — Jt system. A good reproduction is given by Xakayama, Kitamura and 
Watanabe (926). At still shorter w’avelengths there is a continuous absorption of 
rapidly increasing intensity overlapped by a few’ diffus<* bands [Mori (879), Xakayaiua, 
Kitamura and Watanabe (926)] until at 1650 A an extensixt* system of fairlx sharp 
bands starts wTiich extends to 1350 A. This system (B—A'i was tir^t oljMTxisi by 
Price and Simpson (1022) [see also Mori (879)] and has reccntlx' bt^ui Hiuilvz**«i m .Ituail 
by Ritchie and 'Walsh (1071). Progressions in two vibrational frequencu-x = 142 h, 
V2 = 596-5 have been found. There is an alternation in th*' sub-head struvture of 
successive bands of the progression in V 2 showing conclusively that the inoh^nule in 
upper state is linear (see p. 211). The sub-heads fit excellently with the asj^iiniprion 
that the electronic transition is of the parallel type, i.e., that the upj>er state is . 
A linear conformation is expected for a Rydberg state of NO 2 since the ion > 

has C 02 -like structure. 

The E-X system is follow'ed by three progressions of diffuse bands which extend 
from 1305 to 1055 A and have spacings of 610. 560 and 624 cm~h respectively. 
Xakayama, Kitamura and Watanabe (926) have observed weak photoionization 
starting at 9.78 eV. This probably corresponds to the first ionization potential. 
A break in the photoionization curve at 10.83 eV is interpreted by them as corresponding 
to the dissociation process 

NO 2 + + O” (V, 1) 

Ko Rydberg series going to the first ionization limit has been identified. This was 
to be expected in view of the difference in geometrical structure of NOa and XO 2 . 
Transitions to higher Rydberg states must necessarily have a® extended structure like 
the E-1: transition and are therefore not readily identified without a det«led analysis. 
The Rydberg series given by Price and Simpson (1022) and Nakayama, Kitamura and 
Watanabe (926) with limits at 12.3 and 11.62 eV are not convincing. Even the iwre 
extended Rydbarg series witili a limit at 18.87 eV (see Table 64) r^ntly found by 
Tanaka and Jursa -(1187) not airirely txmviiMsing. Tlie limit would to 

an excited state of t.ti eT afeove .tte ground From Acteem 
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studies Collin and Losing (222)(221) have obtained evidence for an excited state of 
NO2 at about 4 eV. 

CFg. A spectrum of the CF2 radical (with 18 valence electrons) was first observed 
and identified in emission in a discharge through CF4 by Venkateswarlu (1243). A 
large number of bands occur in the region 3300-2300 A. They can be assigned to 
progressions in two vibrations, vi and of the upper and lower state. Each band has 
a coarse fine-structure which must be interpreted as the K structure of a nearly sym- 
metric top with one fairly small moment of inertia. Several of these bands were 
observed in absorption in a discharge through a mixture of fluorocarbons by Laird, 
Andrews and Barrow (713) and more recently in the flash photolysis of CFgBra by 
Mann and Thrush (796). In absorption a single progression in V2 dominates the 
spectrum. The separation of the bands varies from 505 to 490 cm“^. In addition, 
a few hot bands corresponding to excitation of one or two quanta of vj in the ground 
state have been observed. Mann and Thrush have thrown some doubt on the assign- 
ment of a large number of emission bands as involving vi- 

Mulliken, in Venkateswarlu’s paper, has interpreted the CF2 bands as a — 
transition. However, a recent detailed fine-structure analysis by Mathews (800b) shows 
the bands to belong to a ^Ai (or ^Bi) — transition. No other electronic transi- 
tions of CF2 have yet been found. Observation of triplet transitions similar to those 
in CH2 would be interesting. It is likely, but by no means certain, that the ^A^ state 
of CF2 is the ground state. 

An emission spectrum similar to that of CF2 has been foimd for SiF2 by Johns, 
Chantry and Barrow (637) and analyzed in greater detail by Rao and Venkateswarlu 
(1049). The resulting data are included in Table 64. 

I 

O3. The ozone molecule (with 18 valence electrons) show^s weak absorption even 
in the photographic infrared as far as 10000 A. Indeed, the longward limit of this 
absorption has not been established. According to Wulf (1324), the (diffuse) bands in 
the photographic infrared form a progression of ten members with a spacing of 567 
cm~^, the first one being at 10000 cm"^. Wulf’s reproduction does not clearly show 
this progression, but the wavelengths of Lefeb\i:e (735) seem to confirm it. A second 
somew’hat stronger absorption discovered by Chappuis (188) extends from 6100 to 
5500 A. The tw o strongest bands are at 6020 and 5730 A [cf. the reproduction of Wulf 
(1324)]. As has been shown by Humphrey and Badger (591) by a study under high 
resolution, the bands are genuinely diffuse. The occurrence of predissociation at this 
long wavelength is not surprising since the dissociation energy (obtained from thermo- 
chemical data) is only I.O4 eV. A satisfactory vibrational analysis of the Chappuis 
bands has not been given (Wulf’s formula gives the wrong vj). At long paths the 
Chappuis bands extend to shorter wavelengths [see Wulf (1324) and Vigroux (1247)] 
and merge into a very weak continuum at about 4000 A. 

Beginning at 3740 A, the continuxim is followed by weak extensions of the 
so-called Huggins bands. The main bands of this system first observed by Huggins 
(587) extend from 3450 to 3000 A. The shortward end of the Huggins bands is over- 
lapped by tlie shoulder of the Hartley band, which represents the strongest absorption 
<£ ozone in the near ultraviolet. The Hartley band consists of a broad continuum 
between MOO and 2200 A with a very high and almost Bjmometrical peak near 2550 A 
[for a oamparMon of various measur^aients of this continuum, see Vassy (1241)]. 
The ©cmtiniiiKn appears to be ov^lapped by weak diffuse bands; it is not ceidain 
wither tiieae biyE%^ to the Hu^pns bands or, indeed, whetb^ the Huggins bands 

and HarAy band b^kMig to toe sanae. '^eclronio IraiiBiMon. However, toere is an 
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enormous difference in intensity: The peak of the Hartley band at 2550 A has an 
absorption coefficient of 150 that is, a layer of 0,007 cm at atinoapheric prcwiire 

absorbs 60 per cent of the incident light (and that is the reason why the atmosphere 
with an ozone layer of 0.3 cm-atm is so completely opaque to solar and stellar railiation 
in this spectral region). On the other hand, the absorption coefficient in the Hugging 
bands varies from about 5 cm “ ^ at 3000 A to about 0.01 at 3430 A and 0.0003 at 3650 A 
[see Vigroux (1247)]. For comparison, the absorption coefficient for the strongest of 
the Chappuis bands is 0.06 cm~^. 

Although the Huggms bands are still diffuse, they are much sharper than the 
Chappuis bands. Jakovleva and Kondratiev (619) have attempted a vibrational 
analysis which yields the frequencies 636.3 and 351.7 for the vibrations vl and Fa of 
the upper state, while in the lower state only a single vibration, 1047 era~^ was 
observed. Melcher (819) and Eberhardt and Shand (341) have measured additional 
bands at the longward end and have found evidence for a second vibration, 710 cm' 
in the ground state. According to the most recent study of the infrared spectrum 
[Kaplan, Migeotte and Neven (657)], the frequency is 1042.2 cm~^ while vi and 
according to Wilson and Badger (1309) are 1110 and 705 re?pec*tively. If the 

presence of vq in the Huggms bands were established it would imply that the mol«yule 
is asymmetric in the upper electronic state. However, in view of the large anhar- 
monicity found by Jakovleva and Kondratiev, it is yet pc^ible that the ol»er\'ed 
transitions belong to vj (and F2) as expected w'hen in both upper and lower state the 
molecule has C 2 V symmetrj^ 

Jakovleva and Kondratiev (619) have found several progressions in the diffiw 
bands overlapping (or forming part of) the Hartley band. The spacing of 
in these progressions corresponds presumably to the bending vibration Fa in the up|MT 
state. The large extent of the Huggins and Hartley bands strongly suggwts that thc-rt?- 
is a considerable change of angle between upper and low’er state. The possibility that 
both band systems are really one electronic transition cannot be entirely t iinunafed on 
the basis of present data. There have been a number of investigations ui iht* rrir eT 
temperature on the Huggins bands [Wulf and Melvin <1325), Vassy <124! t, Elw-rhardt 
and Shand (341), Barbier and Chalonge (94) and Vigroux (1247)]. A striking efteei at 
low temperature is the sharpening up of the bands. This inav partlv be due to 
shortening of the rotational branches of the bands but also, and fH.*rhaf>; more im- 
portantly, to the disappearance of 1 — 1, 2 — 2 bands in the bending fundamental uliieh 
accompany every main band. 

In the vacuum ultraviolet the absorption of O3 is almost entirely continuous with 
a few very diffuse and not very distinct overlapping bands [Price and Sim|)43on (l<»22i, 
Tanaka, Inn and Watanabe (1186), Ogawa and Cook (945)]. There are at least six 
distinct continua whose maxima occur at 1725, 1450, 1330, 1215, 1120 and 75<i A. 
Tanaka, Inn and Watanabe suggest that the diffuse bands overlapping the continua at 
1330, 1215 and 1120 A form progressions with spacings of 600 and 800 cm“^. The 
continuum with maximum at 750 A may be an ionization continuum; it starts at 950 A, 
a wavelength which corresponds to the electron impact value of the ionization potential. 

The interpretation of some of the observed states of O3 in terms of electron 
configurations has been discussed by MuUiken (914). 

SO2. In contrast to ozone, and in ^ite of the sinuiarity of its electronic and 
\gdometrical structure, sulphur dioxide has almost exclusively diMtrete and sharp 
absorption bands. The most longward (and weakest) aJ-®c^rptioii observed to far lies 
in the near ultraviolet between 3906 and 3400 A. Inm»ciiately adjoining it betwewi 
3400 and 2600 A lies a in»c*LSfcrc»ger absorption IntbeeariiOTwwkof Watem 

and Parker (1280), omd Asundi and (83) it was a«mMd to 
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bands of both regions belong to one and the same electronic transition, the weaker 
bands at the longward end being assigned as hot bands. But Metropolis and Beutler 
(835) showed that there are in fact two electronic transitions, a weak one (3900-3400 A) 
and a stronger one (3400-2600 A). The second system has been analyzed in some 
detail by Metropolis (834) while for the first. Metropolis and Beutler gave a brief 
vibrational analysis. Both systems consist of fairly long progressions in both vi and V 2 
as expected on the basis of the application of the Franck-Condon principle (see Chap. 
II, section 2) if the S — O distance, as well as the angle, changes in the transition. 
Gay don (412) had earlier observed the first system in enoission in the after-glow of a 
discharge through SO2 and arrived at the same 0 — 0 band for the system as Metropolis 
and Beutler (835). It has been suggested by Coon and MuUiken [cf. Mulliken (914)] 
that the molecule may be slightly asymmetric in the excited state because some of the 
weaker bands which are assigned as bands involving a change of Vq {Avq = ±2, +4) 
seem to have a larger intensity than compatible with the Franck-Condon principle on 
the assumption of C 2 V symmetry in the excited state. 

Douglas (293) has shown that the bands of the first system exhibit an appreciable 
Zeeman effect thus demonstrating that the upper state must be a triplet state. For 
this reason w'e shall designate the transition d—X. Merer (822) has analyzed the rota- 
tional structure of some of these bands and has found clear evidence of triplet splitting 
although he did not identify some of the expected branches (see p. 268). He has, 
how'ever, established that the transition is since only sub-bands with 

AK == ± 1 appear. It is probable but has not been confirmed by a detailed analysis 
of the rotational structure that the system is the corresponding — 

transition. Another interesting feature of the 3900 A system is the appearance of 
a 1 — 0 band in V3 (the antisymmetric stretching vibration) wuth an intensity com- 
parable to that of the 0 — 0 band. According to van der Waals (1248a), the occurrence 
of this forbidden component of the — ^A^ transition is not caused by simple vibronic 
interaction with another triplet state (of type ^J?2) but by vibrationally induced spin- 
orbit coupling. This coupling can mix the A 2 component of the state with the ^Bi 
state if 1^3(62) is excited by an odd number of quanta and thus can enable the 1 — 0, 
3 — 0, . . . bands of the — transition to borrow' intensity from the neighbouring 
Ml transition. 

A third region of absorption several times stronger than the A — X system extends 
from 2350 to 1800 A. This absorption, studied by Chow (195), Price and Simpson 
(1020), Duchesne and Rosen (315) and Dubois and Rosen (311)(310), probably consists 
of tw'o and perhaps more electronic transitions. Corresponding emission spectra have 
been studied in an electric discharge by Chow' and Smyth (196) and Chow (195), and in 
fluorescence by Lotmar (778) and Douglas and Zanon (303). Dubois (310) has recently 
obtained a fairly complete analysis of the second system (D— in absorption. The 
analysis of the emission spectrum is more certain since the vibrational frequencies of 
the ground state are known from infrared w'ork. In both absorption and emission all 
three normal vibrations of upper and lower state occur with non-zero Avi. For the 
ground state frequencies this conclusion has been confirmed by a recent investigation 
of the resonance fluorescence at low pressure and high resolution by Douglas and Zanon 
(303). By excitation with the strong Zn lines at 2139 and 2100 A they have observed 
resonanoe progre^ions entirely similar to those well known for diatomic molecules, 
eadb of a prc^re^on consisting of only two or three Hn^; progressions in V 3 

Wiih botto even wad odd socb quite strong. Such progr^sions are difficult to account 
for wmk if aawumas that the SO2 molecule is unsymmetritml in the 0 state. 

Except for tim© fiwfly weak diffuse bcmds near 15@0 A, SO 2 is teansparmt between 
13^ A PMo© and Simpeoa At 13^ aai 1 140 A th®e are two narrow 

glRSi^e wiwfe m lil tfse first two members cd* a Rydb^g 
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The narrowness of these groups implies that there is very little difference in the 
geometrical structure in these Bydberg states from that in the ground state. Two other 
much broader band groups appear at 1260 and 1040 A and represent probably another 
Rydberg series wdth upper states of somewhat different conformation from the ground 
state. 

The preceding discussions of triatomic non-hydrides are summarized in Table 64. 
The vibrational and rotational constants in the various electronic states art* listed. 
Data for a number of other triatomic molecules not discussed in the text are incliidtd 
in Table 64. 


2. Four-atomic molecules 

We divide the four-atomic molecules into four classes according to the number of 
hydrogen atoms present: tri -hydrides, di -hydrides, mono-hydride and non -hydrides. 

(a) Tri-hydrides 

The only tri-hydrides for which electronic transitions are knowm are NH 3 , PH 3 , 
AsHs and the methyl radical CH 3 . In spite of considerable effort, no spectra of the 
radicals BH 3 and SiH 3 have as yet been observ^ed. We shall consider here only CH 3 
and NH 3 ; for the other tri -hydrides see Table 65. 

GH 3 . A spectrum of CH 3 w’as first observed by Herzberg and Shoosrnith (540) 
in the flash photolysis of Hg(CH 3)2 and later in the photolysis of many other com- 
pounds. In spite of considerable searching, no absorption was found in the visible and 
near Liltra violet regions even though, if CH 3 were non-planar, a transition from the 
. . Ml ground state to the . . .(e)^aj ^E excited state would be e\|.>eeted in this 

region. For planar CH 3 , the absence of the corresponding trauMtiun [frum 
. . . (e")^n 2 M 2 to . . , (e')®(a 2 )^ is easily understood since it would be an electronieally 
forbidden transition (see p. 132). Even if, as seems likely, the molecule w ere non-piaiiar 
in the excited ^E state and therefore, strictly speaking, only the selection rules for the 
joint point group, C^v, would apply, the transition would still be very wt-ak since the 
“vertical”, i.e., Franck-Condon allowed, part of the transition would obey the 
selection rules. If in spite of its expected w'-eakness, this transition could be observed, 
it would give a good deal more information about CH 3 than at present available because 
it would not be diffuse. Moreover, the excited state is expected to show’ an 
interesting Jahn-Teller effect. 

The most longward observed absorption of CH 3 occurs at 2160 A. It consists of 
two diffuse maxima. The corresponding band of CD 3 (at 2140 A) is sharper and shows 
a partly resolved fine structure (see Fig. 96). In addition, three very much w’eaker 
bands appear at longer and shorter wavelengths. The presence of a single strong 
band in the system shows that the conformation of the molecule in the upper and 
lower state must be very nearly the same. The fine structure of the band can be 
understood completely as that of a j] band of a symmetric top (see Fig. 97). The 
observed weak intensity alternation, and particularly the very low' intensity of the 
i?( 0 ) line, can only arise if at least in one of the two combining states the molecule is 
planar because only for symmetry is there an intensity alternation in the iv = 0 
sub-band (see Fig. 97). Thus, one must conclude, combining the evideiw^ from the 
vibrational and rotational intensity distribution, that the molecule is planar in both 
states involved. It is not possible to exclude the possahility that CH 3 is non- 

planar, but only to the extent that would allow a large inversion doubling to aiiro, so 
large that only on© inversion-ooin^tpu®©®^^ observed in ahee^ptkm. 



514 


ELECTRONIC SPECTRA OF INDIVIDUAL MOLECULES 


V,2 


Further, much stronger absorption bands occur in the region 1500 to 1280 A, as 
shown in Fig. 193. They form three Rydberg series, designated, jS, y and S. Although 
the first (strongest) member of the y as well as that of the § series is accompanied by a 
few much weaker vibrational bands, the dominating intensity of the main (0-0) bands 
indicates that for all Rydberg states the conformation is the same as in the ground 
state, viz., the planar one. The first member of the jS series is apparently the 2160 A 
band. The y series consists of fairly broad unresolved maxima (even in CD3) which 
1302-2 K 1393-8 I 



Fig. 193. Absorption spectrum of GH3 and GD3 in the region 1550 to 1300 A after 
Herzberg (521). The upper states of the bands yi, 8i and ^ 2 . have been called 0, 3 and E, 
respectively, in Table 65. Note that the two spectrograms are composites taken from different 
exposure; thus the apparent intensities of different bands do mot correspond well to the true 
intensity ratios. 

are in all probability unresolved J_ bands. The bands of the S series have two maxima 
and in the first member some resolved fine structure, indicating that these bands are 
II bands. The Rydberg corrections for both y and B series are very small ( ~ 0.08-0.09), 
suggesting that these series correspond to excitation of the outermost electron into an 
nd orbital, while the large Rydberg correction of the ^ series suggests that it corre- 
sponds to an ns orbital. The absence of a series corresponding to np is in striking 
agreement with expectation from molecular orbital theory since the two states 
. . . {e')^{npe') ^E' and {E)^npa^) ^A^ cannot combine with the ground state (see 
p. 132). Similarly, of the three states arising from an nd atomic orbital, Mi, ^E'^ ^E", 
only tw’O; ^A'l and ^E'', can combine with the ground state, and they correspond clearly 
to the observed B and y series respectively. No third series with small Rydberg 
correction has been observed. 

All three observed Rydberg series converge to 79392 cm"^ for CH3 and 79315 
cm~^ for CDs, corresponding to the first ionization potential. The fact that the 
ionization potential of CH3 is greater than that of CD3 (by 77 cm“ ^) indicates that the 
zero-point vibrational energy of CH^ in its ground state is greater than that of CH3 
in its ground state, that is, that the sum of the frequencies of aU normal vibrations 
is greater. The same conclusion applies for aU the upper states of the y and 8 Rydberg 
series, but not to those of the ^ series. Unfortunately, the individual vibrational 
ffequencies of both excited and ground states are still not known with any certainty. 
Some suggested frequenci^ are included in Table 65. 

Since most of ihe absorption bands of CH3 and CD3 are to a greater or smaller 
extent diffroe, only provisicmaJ v^ues of the rotational constants have as yet been 
otjtained. But the aneytysies of both Z)— bsmd of CH3 and the B—X and D—X 
handB of CD^ a^ree in yWding a 0 — distance rj = 1.079 A for the ^Ai ground state 
asroning the planar fffnoaiiekical staruetare. In the B state fo » larger, in the B 
stete ft m mdfar rj. Tl^ ooif foaiMfe that a fairly Aarp fine structure are' 
ihe rfiloy ted ® seites 'CSI® near 1^1 A, hut they have not yet 
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been analyzed. The striking difference in diffusen^ between corrffiponding bands of 
CH 3 and CD 3 has been discussed in Chapter IV, section 3. Most of the infomnation 
about the structure of free methyl in its ground state is derived from the H|>«tnim of 
CDs (see Table 65). 

A nearly planar structure of CHs in its ground state has more ree<fntly also l»en 
derived by a careful discussion of the observed hyperfine splitting in the eIf*i*tiron-Bpin 
resonance spectrum by Karplus (658). 

NH3. Ammonia is transparent in the whole visible and near ultraviolet regions. 
As was first shown by Leifson (736), a long progression of diffuse absorption bands starts 
at 2168 A and extends to about 1700 A. This progression is shown for ND 3 in Fig. 170. 
At elevated temperatures additional bands appear particularly at the longward end. 
Dixon (280) has extended these “hot” bands to 2431 A. The band system (A-i) 
has been further investigated by Duncan (317), and recently Walsh and War«>p (1270) 
have studied it in great detail and have obtained a complete vibrational analysis. The 
corresponding band system of ND 3 , briefly mentioned by Benedict (106), Duncan (318), 
and Walsh and Warsop (1270), has been studied in detail by Douglas (204). None of 
the bands of NH 3 in this system show a resolved rotational fine structure, but the first 
four bands of the main progression, as w'ell as most of the hot bands, show two peaks 
each, corresponding to Q and R heads (similar to the 2160 A band of CH3). Tlie bands 
of ND 3 with V 2 = 0 and 1 show' fine structure. The line width of the individual lines 
is smallest for the bands with V 2 = I although even for them it is still of the order of 
0.5 cm"^. 

According to Walsh and Warsop, the Q heads of the main progression of tht* 
A—Jt system can be w'ell represented by 

vA-x = 46136 + 8744 + 4.04^ |V, 2) 

The frequency 874 cm“^ must be interpreted as that of the (symmetneaii b^ ndinir 
vibration V 2 in the upper state, and the existence of a long progression in this \ i brat ion 
with an intensity maximum at about r 2 = 7 implies a considerable change in aimie of 
the NH 3 pyramid in going from the ground state to the excited state. Irid«:»t.‘d, it was 
shown by Walsh and Warsop that the bands of the hot progression in which V 2 singly 
excited come alternately from the upper and lower inversion component of the lower 
state for odd and even 4 respectively, that is, are alternately shifted to longer and 
shorter wavelengths because the 4 = 1 level in NH 3 is split by 36 cm~^ (see Voi. II, 
p. 223). Such a situation can only arise if the molecule is planar in the excit^:Hi state 
since then alternate vibrational levels in the progression r 24 are symmetric and anti- 
symmetric with respect to the plane of the molecule, and can only combine with one or 
the other of the inversion doubling levels of the lower state as illustrated in Fig. 67b, 
(If the molecule were non -planar in the excited state, there would be, as shown by Fig. 
67a, two bands for each V 2 — V 2 transition wrhich for V 2 = 1 would be separated by 
36 cm"^ and thus easily resolved.) 

The planarity of the A state is nicely confirmed by the rotational structure of the 
ND 3 bands [Douglas (294)]: The bands with 4 = have a strong i?(0) line, those with 
4 = 1 a very weak R(0) line as expected if the upper state is planar since only the 
K — 0 sub-band contributes to jR(0) and since for jFC = 0 of a planar molecule either 
the even or the odd levels (in J) are strong depending on whether the state is vibronically 
Ai or AJ. Considering that the i?(0) line has J' = 1, it follows that the 4 = 0 level 
is vibronically A 2 , and therefore, the A electronic state is Aj. In agreement with this 
conclusion Dressier (307) finds in absorption of NH 3 in wci argon matrix at 4.2°K only 
alternate b ands since only A = 0 is present in the lower artate and smoe in tl» ii|^w 
state the J = I level for its aealogne in sold) m fBtmmt otily for even 4 valiMS. 
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A second weaker system consisting of a long progression of fairly sharp bands occurs 
in the region 1690 to 1400 A. It was first studied by Duncan (317) and Duncan and 
Harrison (322) and more recently, under much higher resolution by Douglas and Hollas 
(295) and Douglas (294). The latter authors obtained a complete rotational analysis 
of several bands of the progression which shows unambiguously that the bands are 
_L bands and that the upper electronic state is a ^E" state of planar NH 3 . The proof 
for the planarity of the excited {B) state rests again on the observation of an intensity 
alternation in the sub-bands with K" — 0 (see p. 234f.), while the alternation of the sign 
of this intensity alternation proves that the progression is again in The band 
origins of successive bands in the progression can be represented by 


= 59225.5 + SSOSOv'^ + - 0.71863tJ^3 3) 


The rotational analysis shows the presence of a large first order Coriolis splitting in the 
excited state with a value (see p. 86) that varies from 0.873 for t?" ~ 1 to 0.804 for 
v' - 8. In addition, a large j-type doubling is present in one Coriolis component 
[( +i) levels] of the K' = 1 levels of the upper state (see p. 96), The electronic nature 
of le has been verified by Douglas by investigation of the Zeeman effect in these bands. 

Another weaker progression with similar spacings has been foxmd by Douglas and 
Hollas (295) and Douglas (294) to occur in the same region as the S—X bands. The 
fine -structure analysis show’s that these bands are 1| bands. They are therefore in all 
probability due to another electronic transition, 0—X, but the possibility that they 
represent a forbidden component of the B-X system made possible by vibronic inter- 
action is difficult to exclude wdth certainty. In Table 65 we have chosen the former 
alternative. Since the vibrational numbering has not been established the 0 state can 
be either Ai ot A^ but on the basis of the electron configuration Ai is more likely to 
be correct. 

At w^avelengths below 1450A further much stronger progressions of absorption 
bands start [Duncan (317)]. According to Walsh and Warsop (1270), there are at least 
three distinct and partially overlapping progressions in the region 1450 to 1220 A 
corresponding to at least three different electronic states as listed in Table 65. Below 
1220 A Duncan (317)(319) has observed still another progression starting at 82857 cm~^. 

M\ observed electronic transitions show’ only progressions in the out-of-plane 
bending vibration ^2, and in all of them the frequency of this vibration is of similar 
magnitude (and similar to its value in the ground state). It is striking that in each 
case the anharmonicity constant 0:22 is positive, that is, the vibrational interval 
increases with 172. 

Walsh and Warsop have arranged the states A, D and E into a Rydberg series 
with the formula 


V = 82150 - 


R 

(n - 1.024)2 ' 


n = 3, 4, 5 


(V, 4) 


^he Rydfc^rg correction obtained is in line with that expected for an ns series, and the 
M^t electronic state {A) is certainly . . . {e'V{a^){Zs a'D "^A^. The ionization potential 
Obtained from (V, 4) which is of low accuracy, agrees very well with the probably more 
■cjcurate photoionization value of Inn (603) and Watanabe and Mottl (1276), viz., 
■ 0 . 15-4 

* Thompeon and Duncan (1215) have looked for the transition to the lowest triplet 
state with an absorbing path of 10 m atm. but have not found it. 

AbsorptMm (XJefficieate ei OTg in the re^on 2200 to 1050 A have been measured 
y Watanabe |I272). B^ow 140© A the absorpticm. coefficients reach 1000 cm"^. 
A strong ©ontiiiiioi» aJbac^Ma fo^njs at 115© A ime also Duncan (319) and Metzger 
and C!ook (S36)J. Sun and W^sfer (1 ITT) have JGOseasured the absorption coefficients 
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between 1300 and 374 A using a discontinuous background. The total / value in this 
region is 4.9. 

(b) Di-hydrides 

Electronic absorption spectra of several four-atomic di-hydrides are known, but 
only for two of them have they been studied in some detail. 

G 2 H 2 . The most longward absorption of acetylene consists of a large number of 
very weak absorption bands extending from 2400 to 2100 A. At elevated tempera- 
tures, bands have been observed as far as 2500 A. This band system (here called 
A — X) was first studied in some detail by Kistiakowsky (672), Gopfert (438) and Woo, 
Liu, Chu and Chih (1317) who identified a number of progressions. A detailed and 
convincing analysis of both the vibrational and rotational structure was first accom- 
plished by Ingold and King (600) and limes (605). They showed that in the excited 
state the C 2 H 2 molecule is bent, having € 2 ^ symmetry (trans form). In this w^ay the 
long progressions in the bending vibration vq (;^1050 cm"^) of the upper state are 
accounted for. That this vibration is really a bending vibration (and not the C — C 
stretching vibration) is shown by the large isotope shift in C 2 D 2 , for which its frequency 
is observed to be about 830 cm"^. The C — C stretching vibration is also excited and 
has the frequency V 2 = 1385 cm"^ which changes much less (to 1299 cm"^) in going 
to C 2 D 2 . 

Each one of the main bands of the A—JC system is accompanied by a group of 
hot bands. The analysis of the K-structure of the hot bands is similar to that for 
HCN (see p. 203 and Figs, 65 and 79) and establishes that, in the excited state, the 
molecule is non-linear. The analysis of the J structure has confirmed this conclusion 
by the observation of a combination defect caused by asymmetry (K-type) doubling 
in the excited state. The sign of this doubling shows that the excited state is an Ay 
state (presumably ^Ay). This state is to be correlated -with a or a ^Ay state of the 
linear conformation. The fact that the transition is forbidden for Da^}^ symmetry 
accounts for its relatively low intensity. The dimensions of the molecule in the excited 
state derived from the analysis of the rotational structure are given in Table 66. A 
few weak bands with AK = 0 and ± 2 have been observed. The suggestion by Herz- 
berg (523) that the reason for the occurrence of these forbidden transitions is spin-orbit 
interaction (see p. 22 If.) has not been confirmed by Zeeman investigations of Douglas 
(unpublished). But Hougen and Watson (580) have shovm that these weak bands can 
be quantitatively accounted for by the mechanism of axis switching discussed earlier 
(p.208f.). 

At shorter wavelengths, between 2000 and 1550 A there is a rather complex 
spectrum of diffuse bands of gradually increasing intensity [Herzberg (517)] which has 
not yet been analyzed [see the remarks of Wilkinson (1301)]- It is possible but far 
from certain that these bands belong to the A— X system. 

An extremely strong discrete absorption system sets in at 1519 A [Herzberg (517), 
Price (1013), Moe and Duncan (865)]. It has recently been studied under high resolu- 
tion both for C 2 H 2 and C 2 D 2 by Wilkinson (1301). The system consists of a single 
short progression in the C — C stretching vibration V 2 ~ 1849 cm’*^ (for 02»D2, 1720 

cm~^). The first band of the progression (0 — 0 band) is the strongest. It has an 
absorption coefficient of 1400 cm"^. A second similar system of similar intensity 
starts at 1342 A. Here the second band in the V 2 progression is the strongest {vz = 1781 
cm“i for C 2 H 2 and 1559 cm"^ for C 2 D 2 ), and vi is also (singly) excited in one of the 
hands. Even though the bands are diffuse on aoeoimt of predissociation and their 
rotational structure can therefore not be studied, it is clear that the molecule is linear 
in the upper states since only totally symmetric vibrations are excited. 
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The two strong band systems just discussed form the first members of two fairly 
long Rydberg series observed by Price (1013). The second member (at 1250 A) of the 
first series has recently been studied imder high resolution by Herzberg (523) and has 
been found tobea^IIu-^S^ transition. The rotational structure confirms that in the 
excited state the molecule is linear. The hot bands accompanying the main bands 
show clear evidence of Renner-Teller splitting. It must be concluded that the other 
members of this Rydberg series also have upper states. The limit of this series is 
at 91950 cm“^ while the second Rydberg series converges to 92076 cm“^. It is not 
possible to say whether or not the tw^o limits are identical. The predicted ground 
state of C 2 H 2 is which might have a splitting of the order of 50 cm~^. 

Overlapping the first member, of the second Rydberg series are two other 

band systems of similar .intensity and F—X which show a more complicated 

vibrational structure, similar to the A—X system. It appears from this structure 
that in both the E and F state the molecule is non-linear; indeed, Wilkinson suggests 
that in the E state it is non-planar. For further data see Table 66. 

Quantitative absorption measurements on acetylene have been made by Nakayama 
and Watanabe (927) who have also given very useful absorption curves in the region 
2000 to 1050 A. Similar low resolution data in the region 1000 to 600 A have been 
obtained by Walker and Weissler (1257) and Metzger and Cook (836). There are two 
maxima of continuous absorption at 920 and 800 A. [See also the recent mass-spectro- 
metric photoionization work of Dibeler and Reese (273).] Ingold and King (601) were 
unsuccessful in finding any absorption longward of the A—X system with an absorbing 
path of 20 m atm. 

H 2 CO. Formaldehyde exhibits a beautiful sharp absorption spectrum in the 
near ultraviolet which has been studied by a large number of investigators ever since 
the first detailed investigations by Henri and Schou (503) and Schou (1108). These 
authors recognized that there is a coarse and a fine rotational structure corresponding 
to a small and a large moment of inertia (about the C — O axis and an axis perpendicular 
to it: K and J structure respectively), but a conclusive rotational analysis of a number 
of the absorption bands was first accomplished by Dieke and Klistiakowsky (277), in a 
classic investigation w^hich resulted in the first unambiguous interpretation of an 
electronic spectrum of a polyatomic molecule. They analyzed the sub-bands with 
iC > 3 of the six main absorption bands at 3530, 3430, 3390, 3370, 3295 and 3260 A, 
and obtained A^, and values. For the K values investigated, the band 

’ structure is almost exactly that of a _L band of a symmetric top. Only for the lowest 
K values were small deviations observed w'hich are due to the fact that the moments of 
)^nertia Iq and Ic are different and which show clearly that the transition moment is 

K ong the h axis, that is, in the plane of the molecule, perpendicular to the C — O axis. 

More recently, Robinson (1075) and in greater detail Parkin (962a) and Callomon 
j^d Innes (178) have analyzed sub-bands with lower K values and have thus been able 
to obtain jB„ and separately. An important result of this work was that the inertial 
^fefect A = Iq — Ia. Ib tb® upper state of the 3530 A band, which is the apparent 

■ — 0 band of the system (see however below), is strongly negative amounting to 
0.265 a.m.u. A^ while for the ground state it is well known, from microwave in- 
Fvestigations [Lawrance and Strandbeig (730)], to be positive, viz., +0.057 a.m.u. A^. 
Thj» observation supplies unambiguous proof for the conclusion which was already 
strongly suggested by the vibrational analysis (see below) that the molecule is non- 
planar in tite uppa: state of ihe near ultraviolet bands, a result that had been predicted 
on the basw df Walsh djagrams (see p- 316) by WaMi (1268). 

The vibifakonal analyEis the main ban(fe at first appeared to present no 
diffieult^s. Tite ^ypagest IbiEm a fidrly kng prc^iressioai in a frequmcy 1182 
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cm" which must be interpreted as the CO stretching vibration v'z in the excited state. 
Each of the strongest bands is accompanied by short progressions with frequencies 
824, 1322 and 2872 cm“^ which have been assigned respectively to the molecule 
bending vibration vi [corresponding to the out-of-plane bending vibration V4 of the 
planar molecule (see Vol. II, p. 300)], to the CH2 deformation vibration V 3 , and to the 
CH stretching vibration vi [see Brand (138)]. Considerable diJSiculties arose, however, 
with the interpretation of a number of hot bands appearing at the longward side of the 
main bands and with the interpretation of the emission spectrum observed in fluores- 
cence [Herzberg and Eranz (526), Gradstein (443)], in electric discharges [Schuler and 
Woeldike (1115), Schuler and Reinebeck (1111), Dyne (332), Brand (138)], and in 
chemiluminescence [Emeleus (355), Pearse and Gaydon (32)]. 

The principal hot band is a band (designated a by Henri and Schou) which lies 
1280 cm"^ longward of the first strong absorption band (designated A). In the 
emission spectrum the a band forms the starting point of progressions in va ( = 1744) 
and v'i (=1167 cm“^) extending toward longer wavelengths. Such a difference 
between the first absorption and the first fluorescence band arises as we have seen 
(p. 177 and Fig. 69) when the electronic transition is a forbidden one. In the present 
case, since the ground state is undoubtedly the excited state would have to be 
and the separation of the A and a bands would have to be the sum v'i + if one 
assumes that the molecule is planar in both states and that the transition moment for 
the main bands is in the plane of the molecule^. The rotational structure of the cc 
band is in agreement with these assumptions: it is a _L band like the A band, and the 
intensity alternation is opposite to that in the A band [Dyne (332)], a reversal that is 
expected for a vo — vi band (type ^2 — -^1) Q-s compared with & vq -h band (type 
B 2 ~-'Ai), However, since vl = 1167 cm"^ is definitely established from infrared 
work [see Vol. II, p. 300, and Callomon and Innes (178)], one would have to conclude 
that vi = 120 cm“^, at first sight a rather strange result. 

The way out of this difficulty was shown by Walsh (1268) and worked out in more 
detail by Brand (138). Walsh pointed out that if H2CO is non-planar in the excited 
state, but does not deviate too much from planarity, the lowest vibrational level in this 
state will be split on account of inversion doubling. If the electronic species is A'\ 
then the lower inversion component will behave like an A 2 , the upper like a B 2 vibronic 
level of a planar molecule in an ^2 electronic state. This is shown schematically in 
the energy level diagram Fig. 194 (compare Fig. la for an electronic state). Only 
the B 2 vibronic levels can be reached from the lowest vibrational level of the ground 
state while in fluorescence from the lowest level of the upper state {A 2 ) only the 
vibrational levels of the ground state can be reached. In the sum 1/4 -f vl which would 
be the separation of A and a for a planar upper state now V4 must be replaced by the 
inversion doubling in the lowest vibrational level (U4 = 0) of the excited state which 
comes out to be 124 cm“^. On this basis Brand (138) has given a fairly complete 
interpretation of the vibrational structure of both the absorption and emission spectrum 
of both H2CO and DgCO . 

It may be noted that the frequency difference 824 cm“^ found among the main 
absorption bands is the difference between the two upper inversion doubling components 
of the levels ^4 = 1 and ^4 = 0 of the bending vibration 1/4 in the excited state (see Fig. 
194). The lower components, observed in the emission spectrum, show that the 
doubling for V4 = 1 is much larger (viz., 407 cm”^) than for V4 = 0 (124 cm"^), and 
thus the average value of V4 is only 683 cm"^. The emission progression in vt shows a 


^ Note that in Volume II and in Brand’s paper V4, vs and vq were designated vq, V4 and V5, 
respectively, because of the different choice of axes for and B 2 before and after MuUiken s 
report (912). 
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considerable staggering because the even levels are reached only from the upper, the 
odd levels from the lower inversion component of the upper state. 

Summarizing the preceding discussion, we can say that the main bands of H2CO 
(in absorption or emission) are due to a ^A " electronic transition. In the '^A" 
upper electronic state the molecule is non -planar, but this state is derived from a ^^2 
state of the planar conformation. The individual inversion doublet components 
(which are split rather widely) must be described in terms of the vibronic species of 
point group € 2 ^ The height of the barrier between the two non-planar equilibrium 
conformations has been estimated from the 0'*' — 0" splitting under the assumption 
of a simple potential function to be 650 cm" ^ [Brand (138)], that is, the barrier is little 
higher than the zero-point energy of vi (which is about 400 cm"^). In Fig. 194 we 
have distinguished the inversion doubling components by0 + , 0", 1 + , 1 ",... (see also 
Fig. 1, p. 23). For some purposes it is more convenient to number the levels serially, 
= 0, 1, 2, . . . ; in that case the numbering remains unchanged in the transition to a 
planar conformation. 

There are four further interesting points with regard to the near ultraviolet 
absorption spectrum of formaldehyde. In addition to the main absorption bands of 
J_ structure, a number of much weaker bands with 1] structure have been foimd [Dieke 
and Kistiakowsky (277)]. It was recognized by Brand (138) that these [] bands 
correspond to transitions to the opposite inversion doublet components as the main 
bands. In particular, one of them lies to the longward side of the A band at a distance 
of 124 cm"^, that is, corresponds to the transition from the lowest level of the ground 
state to the lowest vibrational level of the excited state (the lower inversion component 
of the = 0 level). These bands have been further studied by Callomon and Iniies 
(178). The upper state is vibronically A 2 . The transition to the lower state is 
rigorously forbidden by the general (electric dipole) selection rule (II, 19) even if 
interaction of vibrational and electronic motion is taken into account. An A2 — 
vibronic transition can be made allowed by interaction with the rotation about the 
a-axis (see p. 265f) but such a transition should only show sub-bands with higher K 
values while the i? = 0 sub -band is definitely observed. Therefore rovibronic inter- 
action is not responsible for the occurrence of these bands. Rather, Callomon and 
Innes (178) have shown that these bands are made possible by magnetic dipole radiation 
for which indeed A 2 — A 1 transitions are allowed (see p. 135). This conclusion is 
supported by much other evidence. 

The strongest _L bands, representing the main progressions, are all of type B. 
Besides these, however, a number of weaker J_ bands of type C have been identified 
by Callomon and Innes (178). They must be assigned to 1 — 0 transitions in V5 and vq, 
tv/o vibrations that in the planar conformation would have the species B 2 . The Vs — 1 
and Vg = 1 levels have therefore Bi vibronic symmetry. Transitions to these levels 
from the ground state arise by vibronic interaction with a electronic state while 
the main bands arise by interaction with ^B 2 electronic state (both correspond to 
forbidden components of the dipole moment, the electronic transition being forbidden 
by symmetry in the planar conformation). The type G bands may account for as much 
as a quarter of the total intensity of the system. 

Among the hot bands at the longward side of the first main band (at 3530 A) 
there are a number of very weak bands which are not temperature sensitive and persist 
at very low temperature. These were first observed by Cohen and Reid (217) and 
soon after, independently confirmed by Brand (138) and Robinson (1075). It was 
recognized immediately that these bands mxxst belong to an excited electronic state 
different from that of the main bands and that the most likely identification for this 
state is ^^2 of the same electron configuration as ^A^^ Robinson and Di Giorgio 
(1078)(278) have shown that in the ^A^ state also the molecule is non-planar (the 
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inertial defect is - 0.33 a.m.u. A^). The inversion splitting is 30 cm”i for = 0 and 
242 cm“^ for = 1, that is, substantially smaller than in the '^A^ state [see also 
Hodges, Henderson and Coon (559)]. Therefore, the angle of bend must be larger 
(about 35° for against 20° for ^A^). The ^A^ state splits by spin-orbit interaction 
into Ai + + Bs (see p. 17f) and can therefore mix with neighbouring ^Bi, 

states. Thus the vibrational transitions in ^A 2 -~^Ai are those of a symmetry -allowed 
electronic transition, and the first main band corresponds to 0 — 0 rather than 0 — 0 
as in M2 — (see Fig. 194). 

In the main progression of the HgCO bands diffuseness sets in under medium 
resolution at about 2750 A [Schou (1106), Herzberg (517)]. The progression continues 
with increasing dififuseness and rapidly decreasing intensity to 2300 A [Everett and 
Minkoff (367)]. In emission, no bands wdth < > 0 have been observed, suggesting 
that the upper states of these bands are predissociated [Brand and Reed (143)] even 
though in absorption the rotational lines for bands with V4 > 0 are quite sharp. It is 
probable that this is a case of very gradual setting-in of predissociation (see p. 466); 
only at 2750 A is the predissociation strong enough for a line broadening to be visible. 
Brand and Reed (143) assume the existence of two different predissociation limits. 
The first predissociation limit corresponds to an energy of 28736 cm"^, which must 
be considered as an upper limit for B(H — CHO). 

No absorption of HgCO is apparent between 2300 and 1750 A. At shorter wave- 
lengths four strong Rydberg series have been observed [Price (1014), Allison and Walsh 
(61)]. The first members are at 1750 A, 1556, 1524 and 1397 A respectively and the 
limit which is the same for all four series is at 87765 cm”^ for H2CO and at 87905 
cm“^ for D2CO corresponding to the first ionization potential. 

The four Rydberg series are easily accoimted for in terms of electron configurations. 
The first, with the larger Rydberg correction, corresponds to a transfer of an electron 
from the last filled shell of the ground state, (262)^, to the nsai orbitals. The next two 
series correspond to a transfer to tw’o of the orbitals formed from np. There are three 
such orbitals ai, bi, 62 (see Table 58) yielding, wdth one electron in 262? the states Bz, 
Azi of w’hich only Bz and Ai can combine wfith the ground state. The fourth 
Rydberg series probably corresponds to a transfer of an electron from 263 to nd although 
the Rydberg correction (0,40) is rather large for this assignment. The splitting of the 
nd orbitals has not been observed. 

Some \'ibrational structure has been observed by AlHson and Walsh in the first two 
members of the first and fourth Rydberg series. Provisionally this structure leads to 
the conclusion that in the upper Rydberg states also the molecule may be non-planar. 

The absorption of H2CO beyond the ionization limit at 1139 A has not yet been 
investigated. The Stark effect in the spectrum of H2CO has been discussed in Chapter 
II, section 4. 

(c) Mono-hydrides 

Several four-atomic mono -hydrides have been found to have discrete electronic 
spectra (see Table 67). In almost all eases only a single electronic transition has been 
observed. 


HNCN. Ihe free HNCN radical and its spectrum were observed by Herzberg 
and Warsop (547) in the hash photolysis of diazomethane (H2CN2). A single band 
with the typical appearance of a J_ band of a (nearly) symmetric top appears at 3440 A 
(see the prev^ Mg. 108). That this band is really due to the HNCN radical foUows 
from the l^nd sfenMsbure smd the sfeidy of the effect of isotopic substitution: The large 
^jacing of the snh-baa^s and the halving of this ^padiig in the deuterated molecule 
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can only be understood if the three heavier atoms are located nearly on a straight line 
and only the H atom is off that line. The absence of an intensity alternation (as well 
as the magnitude of the sub -band spacing) shows that only one H atom is present. 
The fact that only two sub -bands for every single one in the normal compound appear 
when a 60 per cent 40 per cent isotopic mixture is used, shows that only one 
carbon atom is present. The analysis of the J structure gives a B value of 0.3699 cm " ^ 
in the lower state which is of the same order as for other HXYZ molecules like HN 3 
and HNCO in agreement with the assumption that three and only three heavier atoms 
are present. The conditions of production of the spectrum leave only N atoms as the 
remaining constituents even though isotope investigations with have not been 
carried out. The study of the J structure of the substituted molecule gives nearly 
the same B and C values as for the ordinary (C^^) molecule. This result leads to the 
important conclusion that the carbon atom must be the central atom, that is, must be 
located between the two N atoms. 

Even though the molecule HNCN is very nearly a symmetric top, the iC-type 
doubling characteristic of an asymmetric top is clearly exhibited for K' — 1 and 
K" = 1 as a doubling of all branches in the 2—1 and 1 — 2 sub -bands and by a com- 
bination defect between P, R and Q branches in the 0—1 and 1 — 0 sub-bands. The 
sign of the defect indicates that the band is a type C band, that is, the transition 
moment is perpendicular to the plane of the molecule. The planarity of the molecule 
in both electronic states follows from the positive sign and small magnitude of the 
inertial defect. Other geometrical data for the two states are given in Table 67. The 
observation of a single band for this electronic transition is in conformity with the 
Franck-Condon principle since the dimensions change so little in the transition. 

From the band structure it follows that the electronic transition is either A" — A' 
or A' — A". The electron configuration of the ground state must be similar to that of 
the iso -electronic NCO, i.e., . . The replacement of 0 by NH, pointing in a 

direction off the N — C — N axis, results in a splitting of each of the 77 orbitals into an a' 
and a" orbital, of which the former might be expected to lie lower. The ground state 
of HNCN would therefore have the electron configuration 

. . . a'V^a'^a'^a" ^A" 

and the observed transition would be ^A' — ^A". The doublet splitting has not been 
resolved. It is expected to be small. 

HONO. Melvin and Wulf (820) have observed in the absorption spectrum of 
mixtures of NO, NO 2 and H 2 O, a system of simple bands in the region 3850 to 3150 A 
which they have ascribed to HONO. This spectrum has been further studied by Tarte 
and D’Or (1193)(291), Porter (1008) and quite recently by King and Moule (669). 
Porter and King and Moule have also studied the spectrum after deuterium and N^^ 
substitution and have confirmed the identity of the carrier. The independent studies 
by D’Or and Tarte (290) and Jones, Badger and Moore (647) of the infrared spectrum 
have firmly established the presence of two tautomeric species cis- and tram-KOl^O 
of which the latter has the lower energy. King and Moxile have interpreted the ultra- 
violet spectrum on this basis. Both isomers give rise to a progression in an N=0 
stretching vibration vi — 1110 cm thus accounting for the two strongest progressions. 
In addition a weak progression in which a lower state frequency 620 cm“^ is excited 
has been found. 

The electronic transition according to Biing and Moule is one in which an electron 
goes from a lone pair orbital to an antibonding tt orbital. All the absorption bands 
are diffuse presumably because of predissociation. Hnlike most other cases of poly- 
atomic* molecules, here the diffuseness decreases with increasing energy. 
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HFGO. An. extensive discrete spectrum of HFCO (and DFCO) has recently been 
discovered and studied in detail by (biddings and Innes (4 18) (4 19). The spectrum 
extends from 2700 to 2000 A with an intensity maximum at 2100 A. The most 
prominent frequency difference in the spectrum is 1105 cm” ^ which gives rise to long 
progressions with slowly decreasing spacing. In addition, shorter progressions in the 
frequencies 467 and 570 are observed. The frequencies 1105 and 467 change only 
slightly upon deuterium substitution and are therefore assigned to the C — O stretching 
and OCF bending vibrations respectively. The large change of v (CO) in going from 
the ground state (where it is 1837 cm" ^) to the excited state corresponds well with the 
length of the progression. Clearly the CO distance is changed considerably in the 
electronic transition, even more than in H2CO. 

There can be no question that the electronic transition of HFCO is the analogue of 
that in H2CO, and it is therefore probable that in the excited state the molecule is 
non-planar. This suggestion appears to be confirmed by the presence of progressions 
of three members in the vibration 570 cm" ^ which Giddings and Innes (419) interpret 
as the out-of-plane bending vibration. The remaining three fundamentals of the 
excited state of HFCO (see Table 67) are imcertain because they are based on the 
assumed assignment of very few bands. 

Although the rotational structure is only incompletely resolved, even under the 
highest resolution used, Giddings and Innes (418) and in greater detail Parkin and 
Innes (964) have succeeded in obtaining reliable rotational constants for the upper 
state by the procedure of calculating the band structure with various trial values of the 
constants and modifying them until a complete fit is obtained. They have shown that 
the transition moment, at least for the bands that have been studied, is perpendicular 
to the plane of the molecule in the ground state. The resulting constants and 
geometrical parameters are given in Table 67. 

(d) Non-hydrides 

The ultraviolet absorption spectra of only a few" four-atomic molecules not con- 
taining hydrogen have been studied in detail. Several of them show only continuous 
or diffuse absorption, and not much information can be obtained. We shall consider 
here only those for w"hich fairly extensive investigations have been carried out. 

C2N2. With an absorbing path of about 6 m atm. C2N2 shows a system of absorp- 
tion bands (d — X) in the region 3020 to 2400 A [Woo and Liu (1316)]. The bands are 
sharp and slightly degraded to the red. They form two fairly long progressions in a 
frequency 2050 cm"^ which are separated by 896 cm"^. If C2N2 were linear in the 
upper state of this band system, as it is in the groimd state, only two vibrations could 
be excited strongly, viz., the tw-o totally symmetric vibrations vi and V2, and the 
magnitude of the tw^o observed intervals fits with this interpretation since they are not 
too different from the values in the ground state (see Table 68). To be sure, there are 
a number of weaker bands which cannot be readily assigned to any of the progressions 
in vi and V2- They correspond probably to sequences in the bending vibrations V4 and 
1/5. Recently Callomon and Davey (175) using much longer absorbing paths have 
been able to resolve the fine structure of the 0—0 band of this system jading four 
branches- The form of these branches and the observed intensity alternation identify 
the traimtion unambiguously as (see Chap. 11, section 3a(a)) and confirm 

that the nwitectile m linear in the excited (®S^ ) state just as in the ground state. A 
more defealted vihpatkmal analysis by the smne authors (175a) gives the frequencies 
listed in Table ifiS- , ^ 

A somewhat strong absorption systen begins at 2^00 A and extends to 1800 A 
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[Woo and Badger (1312), Mooney and Reid (875)]. From an examination of high- 
resolution plates taken by P. K. Carroll at Ottawa, it appears that all the bands are 
degraded to the red, and most, but by no means all, are double -headed. Some show 
resolved rotational structure indicating that the double heads correspond to R and Q 
branches and suggesting that the transition is vibronically — ^2/ of a linear or 
near -linear conformation. A more detailed vibrational analysis by Callomon and 
Davey (175a) and Cartwright, Walsh and Warsop (182b) has shown that the main 
features of the system can be interpreted in terms of a forbidden electronic transition 
of the linear - linear type made vibronically allowed by vA'^g). The 1-0 and 0-1 
bands in V4 are at 45675,5 and 44896.9 cm~^. The upper electronic state, is prob- 
ably or ^2“ of the same configuration... {TTg^rr^ as the state d . Several 
progressions with spacings of about 2140 cm have been observed. Most likely this 
frequency corresponds to the vi vibration of the upper state. The main bands are 
accompanied by closely-spaced groups of bands which represent probably sequences 
in the low-frequency bending vibration. 

Price and Walsh (1029) appear to be the only authors who have studied the 
absorption of C2N2 in the vacuum ultraviolet. A system of fairly sharp strong absorp- 
tion bands begins at 1700 A and extends to 1450 A. On Price and Walsh’s published 
spectrograms the strongest progression has a spacing of about 1900 cm~\ again 
probably corresponding to vi, A still stronger system of absorption bands starts at 
1320 A. These bands are diffuse and appear to come to a Rydberg limit at about 900 A 
corresponding to an ionization potential of 13.8 eV. No detailed analysis of these 
bands has been given. 

// NO3. When NO2 is treated with ozone diluted with oxygen, the resulting gas 
mixture shows a blue color which, according to Jones and Wulf (646), is due to the 
absorption spectrum of the free NO3 radical temporarily formed in the reaction. The 
spectrum of NO3 has recently been studied under high resolution by Ramsay (1044). 
There are about 20 diffuse bands in the region 6650 to 5000 A. A small isotope shift 
observed when N^®02 is used confirms that the molecule contains an N atom but is not 
sufficient to make the identification of the molecule and the vibrational assignments 
unambiguous. The 0 — 0 band is at 6625 A; it is followed by a short progression in 
= 930 cm"^. The remaining bands must correspond to excitation of the vibrations 
V 2 > V 3 aud V4. If the molecule had Dqh symmetry in both upper and lower state, 
excitation of these non-totally symmetric vibrations should be very weak. That, in 
fact, at least some of them are quite strongly excited is in all probability due to Jahn- 
Teller interaction in the excited state. According to Walsh (1268), this state is a ^E' 
state produced from the ground state . . .(e')^U2 ^-^2 t>y excitation of an electron from 
the e' to the ^2 orbital. 

CI2GO. The near ultraviolet spectrum of phosgene was first studied by Henri 
and Howell (501) and more recently by Giddings and Innes (419). Starting at 3100 A 
there are a large number of sharp absorption bands which become gradually stronger 
and more diffuse at shorter wavelengths. The strongest bands are near 2800 A. 
Giddings and Innes have studied the effect of temperature on the bands and have 
ascertained that many of the bands assigned as hot bands by Henri and Howell do not 
increase in intensity with temperature. Their revised vibrational analysis yields long 
progressions in the two frequencies vi = 581 and vg = 430 cm"’- of the excited state 
and short progressions in the corresponding frequencies vi = 580 and ve == 440 
of the ground state. Since these vibrations are out-of-plane and antisymmetrical ben- 
ding vibrations respectively in the ground state Giddings and Innes conclude that the 
molecule is non-planar and skew’ed in the excited state (i.e. has no plane of symmetry). 
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The absorption spectrum in the vacuum ultraviolet has been studied by LaPaglia 
and Duncan (725) who found a broad continuum with maximum at 1550 A followed by 
five fairly well separated discrete band systems. Each of these appears to consist of 
a single progression in a vibration that can either be the symmetrical bending or C — Cl 
stretching vibration (see Table 68). The most intense feature of the absorption 
spectrum is the system at 1240 A. There is strong continuous absorption beyond 
1050 A, a wavelength that corresponds to the ionization potential of 11.77 eV obtained 
from electron impact studies. While the upper states of the discrete band systems 
are clearly Rydberg states no Rydberg series have been found. 

ClgCS. Four band systems of thiophosgene have been found in the visible and 
near ultraviolet regions. Burnelle (165), using a path length of 50 cm, found a very 
weak absorption system extending from 7000 to 5300 A, which he ascribes to the first 
triplet — singlet transition ^A^ — '^A-^y the analogue of the d — Jl bands of H2CO. At 
shorter wavelengths between 5950 and 3900 A lies a much stronger system first observed 
by Henri (20) which corresponds to the A — system of H2CO. The vibrational 
analysis of this system, first attempted by Henri and Duchesne (500) and extended by 
Duchesne (313) and Burnelle (165), has recently been completed in a detailed investiga- 
tion by Brand, Callomon, Moule, Tyrrell and Goodwin (139). They have shown 
conclusively that the molecule is non-planar in the excited state with an out-of-plane 
angle of 32°. Just as for H2CO, the inversion doubling, particularly for the higher 
levels of the out-of-plane bending vibration, is fairly large, and therefore the upper 
state and its vibrational levels can be classified according to point group All but 

one of the vibrational frequencies in the excited state have been determined (see 
Table 68). CP® — CP’^ isotope shifts for some bands are considerable and have helped 
in the assignment. A third system extending from 2970 to 2690 A has been found 
by Henri (20) and is assigned by Burnelle to an allowed — transition. A 
fourth system extending from 2770 to 2390 A, and also found by Henri, consists of 
diffuse bands. It is the strongest of the four systems and is assigned to a — 
transition. 


3. Five -Atomic Molecules 

Again, we shall consider the five-atomic molecules in groups according to the 
number of hydrogen atoms they contain: tetra -hydrides, tri -hydrides, di -hydrides, 
mono -hydrides and non-hydrides. 

(a) Tetra -hydrides 

CH4 (methane). As far as is known at present, all known XH4 molecules exhibit 
only continuous absorptions. We shall consider briefly only the CH4 molecule because 
of its general importance. 

Earlier workers did 3report discrete absorption bands of methane in the region 
1800—1400 A, but later workers have shown that these are due to impurities [see for 
example Duncan and Howe (323)]. Quantitative absorption measurements have been 
carried out by Wilkinson and Johnston (1302), Moe and Duncan (866), Sun and 
Weisste* (1177) and Ditchbum (279). No absorption with an absorption coefficient 
greater ihan 0.3 cm“^ has been observed above 1455 A, and probably the absorption 
coefficient m less. At 1455 A al^rption begins rather suddenly reaching 

k = 70 csm”^ at 1370 A and rfe,ing to a m«.yiTTr»n Tn of 1500 cm'"^ at about 930A 
Figure 195 show® fte i^becMptioB curve of IMtdhburn (279). It is. clear from the shape 

^ In ooiidi CHi. Iffiait 'is Shifted to 1390 A fee© Dressfer and Schnepp (309)]. 
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Fig. 195. Absorption curve of CH 4 in the region 1500 to 400 A after Ditchbum (279). 

The broken line curve gives the photoionization cross section as determined by Ditchburn from 
the data of Wainfan, Walker and Weissler (1253). 

of the absorption curve that it is composite in origin. The photoionization efficiency 
in CH 4 was measured by Wainfan, Walker and Weissler (1253). Following Ditchburn, 
their values, converted to ionization cross sections, have been included in Fig. 195. 
The ionization potential is 12.99 ± 0.01 eV [as given by Watanabe (1273)] corresponding 
to 946 A. It is seen that below 770 A all the absorption is due to photoionization; but 
at longer wavelengths part of and above 946 A all of the absorption must be due to 
dissociation processes. 

All excited (unstable) states of CH 4 are of the Rydberg type. Continua may 
arise because these Rydberg states are reached in a region of their potential surfaces 
above the lowest dissociation limit (here it must be noted that CH^ has a relatively 
small dissociation energy, viz., 1.0 eV) or because they are intersected by one of the 
states arising from CH 3 + H or CH 2 + H 2 or CH 2 + H -h H or CH + H 2 + H and 
because as a consequence such a strong predissociation results that in effect the spectrum 
is continuous. 

The first excited singlet (Rydberg) state (see p. 348) is . . .(l/ 2 )® 3 ai '^F^, where 3ai 
is essentially a 3s atomic orbitaF. In all probability this state is the upper state of 
the first absorption continuum starting at 1455 A. It is not likely that the potential 
surface of this state is intersected by or goes over into the potential surface of the ground 
state of CH 4 which arises from + R(^S). Therefore, since only one singlet 

state arises from these products and since the spin rule must be observed for a strong 

® It must be noted that the 3ai orbital, while it is of the Rydberg type for small inter- 
nuclear distances, goes over, according to Fig. 129, for larger intemuclear distances into the 
strongly anti-bonding orbital that arises from the four H atom 1^ orbitals (with some ad- 
mixture of 2^^,). Thus the first Rydberg transition may also be described as a V—E or 
CT* — 0 - transition* that is, it would be of the charge-transfer type (see p. 419). 
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predissociation, it is most unlikely that the first continuum corresponds to dissociation 
into CH3 + H in their ground states. The same consideration applies to the other 
strong continua whose upper states are singlet states. However, a dissociation into 
CH3(2 jE ?0 + is dehnitely possible. Here the ^E' state is the as yet unobserved 

first excited state of CH3. 

The energy at 1455 A would also be sufficient for dissociation into CHa + Hg. 
However, on account of spin conservation (assuming the excited state of CH4 to be a 
singlet state), the resulting CHa cannot be in the ground state but must be in a 
singlet state, probably the excited ^Bi state; the lowest singlet state of CH2, ^Aj, would 
result from the ground state of CH4- The energy would also be just sufficient for a 
dissociation into CH 2 + H + H or CH 4- H 2 + H. At 1236 A photodetachment of 
Hs has been shown to be an important but not exclusive primary photolytic step by 
Mahan and Mandel (791) in mixed isotope studies. 


(b) Tri-hydrides 

GH3I. Methyl iodide has a continuous absorption in the near ultraviolet which, 
with a path length of 6 m, extends to 3600 A [Bayliss (102)] and has a maximum at 
2600 A. Quantitative measurements of the absorption coefficients to 2 100 A were made 
by Porret and Goodeve (1004). From their data, one ffiads k ^ ^0 cm~^ near the 
maximum. As was first foimd by Herzberg and Scheibe (539), an extremely strong 
discrete absorption system starts at 2012 A (with a few much weaker hot bands at 
longer wavelengths). For the strongest bands the absorption coefficient is about 5000 
cm" h The previous Fig. 102 shows part of this band system. The main progression 
consists of four or five narrow bands with a spacing of 1090 cm~^. This spacing is 
readily interpreted as corresponding to the totally symmetric CH3 deformation vibra- 
t ion V2> which in the ground state is 1 25 1 cm ~ ^ . The change of frequency is in harmony, 
according to the Franck-Condon principle, with the length of the progression. Several 
of the weaker bands of similar appearance can be interpreted by the excitation of one 
quantum of the other two totally sjunmetric vibrations v{ = 2660 and vs = 499 cm“^. 
All bands are slightly diffuse. 

In addition to the narrow bands there are a number of weaker bands of quite 
different structure, first resolved by Scheibe, Povenz and Linstrom (1102) and Henri ci 
and Grieneisen (505). Additional such bands have been found more recently by Polo 
(1000) and Dunn and Herzberg (326). Each of these bands consists of a series of 
slightly diffuse lines with the typical intensity alternation . . . , strong, weak, weak, 
strong, . . . showing that they represent the unresolved Q branches of the sub -bands of 
bands w^hile the main bands appear like 1| bands. The spacing of the line-like Q 
branches in some of the J_ bands is about 20 cm“^, i.e., more than twice the spacing in 
the infrared J_ bands- The separations of these bands from the main bands can be 
easily understood as corresponding to an excitation of the vibration v's — 1243 and 
Vs = 844 cm"^; indeed, one hot band of the same type appears at 888 cm“^ longward 
of the 0 — 0 main band which agre^ nicely with the infrared value vq = 882 cm~^. 

The occurrence of theee weak _1_ bands in an allowed strong system of || bands 
could be interpreted as produced by a forbidden dipole component induced by per- 
turbation by a nearby E electronic state (see p. 24 If). However, this interpretation 
would nc^ account for the anomalous spacing in these bands. A satisfactory explana- 
tion of the wide spacing and, at the same time, of the occurrence of these bands, was 
first givan by Mulliken and Teller (917) on the basis of a careful study of the interaction 
of ©teetesnic, vilwaiioiiMd and rot^onal angular momenta in this case. They showed 
i&at the stEwte 'Of feand system » an M state, that is, that the mflin 

bands are X fiaatds. As ©xplan^ in mcn?e detail in Chapter 11, section 3(b), if the E 
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state has a value of approximately 1, then the spacing within the main bands, viz. 
2[J.(1 “■ L) “ will be small (of the order 2B), and these bands will look like || bands 
as indeed they do. 

When in the upper state one of the vibrations j/4, v's or vq is singly excited, three 
vibronic states E, Ai, A 2 arise of which the E vibronic state can combine with the ^A^ 
ground state (see Fig. 61, p. 161). Since in the upper state the effective ^ is now 
approximately — (^g + (see p. 64) the spacing of the sub-bands {Q branches) in the 
1 — 0 (E — Ai) band will be 2[^(1 + -f ^y) — B] which for fg ~ 1 and Jy positive is 
indeed greater than twice the spacing in the corresponding infrared band for which it is 
2[A{1 - ^v) - S]- Similar results are found for the 0-1 hot band. The intensity 
of the widely spaced bands relative to the main bands is determined by the strength of 
the vibronic interaction (see p. 236). Conversely we can conclude from the observed 
intensity ratio /i_o//o-o that Jahn-Teller interaction is weak and therefore that the 
equilibrium conformation in the excited state deviates only very slightly from the 
symmetrical (Cgy) conformation (see, for example, Fig. 23a). Unfortunately, the 
vibronic splitting (Jahn-Teller splitting) between the three levels E, Ai, A 2 arising 
when one of the degenerate vibrations is singly excited has not been determined since 
the 1 — 1 bands which should show transitions to all three levels (see Fig. 61) are too 
strongly overlapped by the neighboring much stronger 0 — 0 band. 

Even after all but one (vJt) of the upper state fundamentals have been identified 
in this way there remain a number of bands of medium intensity which cannot be 
accounted for on the basis of a single E — Ai electronic transition. In particular, the 
band at 2000.4 A (Fig. 102) shows a much narrower K structure than the bands of 
the main system yielding an effective ^ value of —0.063. Dunn and Herzberg (326) 
have recently shown that this band and several others can be well accounted for as 
produced by another E — Ai electronic transition. Such a transition close to the main 
E — Ai transition is indeed expected on the basis of a consideration of the electron 
configuration. In the ground state the last filled orbital must be an e orbital [see 
Mulliken and Teller (917)] and therefore the first excited Rydberg state is . . .(e)^(66*ai) 

^E corresponding to ®n, ^11 of a linear molecule. Because of the presence of the iodine 
atom, spin-orbit coupling is large and we expect the arrangement of levels at the right 
of Fig. 137, p. 338, that is, there are two close-lying E states corresponding to of 
the CHal"'' ion. The higher one of the two E states, corresponding to '^IIi of the linear 
case, combines strongly with the '^A^ ground state and represents the main absorption 
system at 2012 A; the lower one, corresponding to ^112, gives rise to the weaker system. 
The X value observed for the 2000.4 A band can be accounted for if it is assumed to 
be the v© — 0 band of the weaker system. 

Another strong band system jD — X starting at 1831 A is similar in structure to the 
system 0—^ starting at 2012 A except that it is slightly more difiuse and no bands 
with K structure are resolved. This system presumably corresponds to the third 
(highest) E state in Fig. 137 (derived from ^IIi) which is correlated with ^Ex of the 
ion. The system is separated from the 0—X system by 4900 cm"^ which is 

close to the energy difference E^ — E^ of the ion. 

At shorter wavelengths a large number of further discrete electronic transitions 
have been observed by Price (1016). They form several clear Rydberg series going to 
two limits, at 76930 and 81990 cm"^, which correspond to the two components of the 
^E ground state of the ion. Some of the lower members of the Rydberg series are 
strongly predissociated. A more detailed analysis of the sharp members would be of 
interest. Unfortunately, at present there is no theoretical guide to the relative 
intensities of different Rydberg series, and therefore a detailed assignment of the 
different observed series is not possible. 

Table 69 lists the data for the lower el^eetronic states of CH3I. It includes also 
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corresponding data about CHsBr and CH3CI, whose absorption spectra are similar to 
that of CH3I except that the lower excited states are much more strongly predissociated. 
It is interesting to note that the separation of the series limits (as well as of the first 
two strong band systems) is smaller than for CH3I in agreement with the expected 
smaller spin-orbit interaction. 


(c) Di-hydrides 

H2CCO (ketene). Even though ketene is iso-electronic with CO2, its ultraviolet 
absorption spectrum shows little similarity to that of CO2. A fairly weak but extensive 
system of diffuse bands in the region 3850 to 2600 A was first observed by Lardy (726) 
and studied in more detail by Norrish, Crone and Saltmarsh (940). The bands are 
each about 12 A wide and appear strongly with a path of 15 cm atm. No vibrational 
analysis has been attempted, but a vibrational interval of 400 cm ^ occurs frequently. 
The system is generally ascribed to an absorption in the =CO group similar to that in 
H2CO. The strong occurrence of a low frequency fundamental (bending vibration) 
suggests that the molecule is non -planar in the excited state just as is H2CO. The 
diffuseness of the bands gives an upper limit to the dissociation energy, presumably 
jD(CH 2— CO), of 3.3 eV. 

Another much stronger system of diffuse bands occurs between 2130 and 1930 A 
[Price, Teegan and Walsh (1025)]. It appears to consist of a simple progression with a 
spacing of about 1100 cm"^ which probably corresponds to the CCO stretching vib- 
ration in the upper state. 

Several very strong discrete absorption systems occur in the region 1850 to 1300 A. 
They are easily observable at a pressure of 0.05 mm in an absorption tube of 15 cm 
length. The first system, between 1850 and 1700 A, is well separated from the next 
which starts at 1 630 A. At shorter 'wavelengths there is more and more mutual over- 
lapping, but Price, Teegan and Walsh have recognized five further separate band 
systems. All of them have progressions in a frequency of about 1025 cm"^. In the 
first system the main progression is in a frequency of 830 cm"^. In the others, a 
second frequency that varies between 494 and 627 cm"^ occurs with one quantum. 
Four of the band systems, together with two further bands at the shortward end, form 
a good Kydberg series which yields an ionization potential of 9.6O7 eV. 

All bands below 1850 A are quite sharp, but no fine structure has been resolved. 
It is probable that the observed features represent Q branches of unresolved \\ bands. 
For j_ bands, since A is large, the K structure would have been easily resolved. While 
it may seem strange that all observed electronic transitions are of the || type (i.e., 

— ^Ai), it must be remembered that in equally strong J_ bands the intensity is 
distributed over a much greater interval, and therefore, such bands will not be as 
prominent. The J_ transitions which are expected are probably forming an unresolved 
background in the spectrum. 

H2CN2 (diazometliane). It is not surprising that the spectrum of diazomethane 
is closely similar to that of ketene, since these two molecules are isoelectronic and have 
the same geometrical structure. Ho'wever, the whole spectrum is shifted to longer 
wavdengths since the ionization potential is smaller (see below). As is well known, 
diazomethane is a yellow gas. The color is caused by a weak absorption below 4750 A 
first studied by Eurkbride and Norrish (671) [see also Brinton and Volman (151)]. 
Starting at 4710 A there are a number of very diffuse bands which at about 4200 A 
naerge into a continuous spectrum 'with a maximum at 3950 A. The diffuse nature 
even of the first baadb (they are about t'wice as ■wide as those of ketene) impEes that the 
dissociaticw eiwrgy DIGBIa — is less than 2.6 eV. A second much stronger 
continuow aheoiptlem etarts at 2650 A whh a Tnn.ftTriTnn m at 2175 A. 
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The absorption spectrum below 2100 A was first studied by Herzberg (521) and 
in much greater detail by Merer (823). In this region only discrete absorption bands 
are found. Figure 196 shows a spectrogram in the region 1700 to 1350 A. There 
is an extensive band system near 1900 A consisting mainly of J_ bands. Merer 
has resolved the K structure of several bands and for also the J structure, and 


n-Q n-1 n=6 n-a, 

k : I < i 

1364 4 A 

Fig. 196. Absorption spectrum of diazomethane (GH2N2) in the region 1700 to 
1350 A. The main feature is the extended Rydberg series which is marked. At longer wave- 
lengths several non-Rydberg transitions have been observed [see Merer (823)]. 

has shown that there are three mutually overlapping (and interacting) electronic 
transitions, two of type — and one of type ^^2 — The (weak) presence of 
II components in these transitions and other evidence suggest strongly that the molecule 
retains C21, symmetry in the excited states. 

As can be seen from Fig. 196 an extended and very clear Rydberg series begins 
with a narrow group of bands at 1670 A and leads to a limit at 1378 A corresponding 
to an ionization potential of S.OOg eV. The small Rydberg correction (0.10) suggests 
that this series corresponds to an excitation of the most loosely bound electron to an 
nd orbital. From such a configuration five close-lying singlet states arise only one of 
which (^^2) cannot combine with the ground state. It is probable that the main 
Rydberg series corresponds to one of the components since the Rydberg bands, 
just as for ketene, appear to be || bands. 

There is, in addition, a perpendicular-type system at 1585 A, similar in character 
to the 1900 A group. These two systems represent probably the first two members of 
an np Rydberg series. The Rydberg correction is 0.67, an acceptable value for an np 
orbital. Finally there is a group of diffuse bands near 1750 A which do not seem to 
belong to any Rydberg series. 



(d) Mono-hydrides 

Until recently the haloforms CHF3, CHCI3, OHBrs and CHI3 were the only five- 
atomic monohydrides that had been studied. Their absorption spectra are entirely 
continuous; references to the hterature are given in Table 70. 

NC-G2H (cyano- acetylene). Quite recently Job and King (628b) have obtained 
interesting discrete spectra of cyano-acetylene. Two absorption systems have been 
found, one A — ^ extending from 2700 to 2400 A and consisting of a large number of 
sharp violet-degraded bands and a second somewhat stronger one, S — X, extending 
from 2300 A to shorter wavelengths and also consisting of sharp bands. 

The bands of the first system have both a K and a J structure. They appear to 
be the exact analogue of the A— X system of C2H2- In the excited state the molecule 
is non-linear, the H atom lying well off the C=C axis and the chain of heavy atoms 
being bent probably between C = C and CsN such that the molecule has a trans 
structure. 

The second system, B—Xj is much simpler in structure than the first. In the 
excited state the molecule appears to be linear. The 0 — 0 band is absent, that is, 
the electronic transition is forbidden. Its occurrence is induced by the bending 
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vibrations; 1—0 and 0-1 bands in all three bending vibrations have been observed. 
The upper state is either or . The analogy with the ^ system of CaNg is 
striking. The vibrational frequencies in the B state of NCCaH (see Table 70) are 
similar to those in the A states of C 2 N 2 and C 2 H 2 . 


(e) Non-tiydrides 

The absorption spectra of a large number of tetrahalides of C, Si, Sn, Se, Te have 
been investigated, but only continuous absorptions (analogous to those of CH 4 , see 
sub-section (a)) have been found. We shall not discuss them here. References to 
earlier work may be found in Sponer and Teller (1154). 

GF3I. The spectrum of CF3I was first described by Sutcliffe and Walsh (1180). 
Independently it had also been studied imder high resolution by Polo, Herzberg and 
Dunn (unpublished). In many ways, the spectrum is similar to that of CH3I: there is 
a weak continuous absorption with a peak at 2650 A, followed by a very strong absorp- 
tion system consisting of sharp bands in the region 1740 to 1630 A (see Fig. 62, p. 162). 
A second system of sharp bands begins at 1599 A. The two systems clearly 
correspond to the strong 0 — X and D — Jt systems of CH3I. Like the latter, they are 
separated by about 6000 cm“ but they are shifted appreciably to shorter wavelengths. 
There can be little question that the two systems correspond to the two doublet 
components of the ground state of CFsI'^ for which, just as for CHsI"'', the splitting is 
expected to be of the same order as in the ground state of the iodine atom. While a 
number of further bands and band systems have been found by Sutcliffe and Walsh at 
shorter wavelengths, these are all diffuse and have not been arranged in Rydberg series. 

The structure of the 1740 A system has been analyzed in considerable detail 
[Sutcliffe and Walsh (1180), Dunn and Herzberg (326)]. As discussed in Chapter II, 
section 2 b(o£), the principal bands are immediately assigned to progressions in the three 
totally symmetric vibrations vL v'zj i's- Weaker bands longward of the main bands are 
easily accounted for as hot bands in w^hich the three totally symmetric vibrations of the 
ground state vL vj, V 3 are singly (or in one case doubly) excited, while the upper state 
is the same as that of the 0 — 0 band at 1740 A. Each of the main bands, and at higher 
pressures even each of the hot bands just mentioned, is accompanied by a number of 
satellites which clearly represent the first and possibly second members of sequences 
in all but the two highest fundamentals {vi and ^ 4 ). In the sequence members corre- 
sponding to the degenerate vibration vq, there is evidence of J ahn-Teller splitting in the 
upper state (see p. 163 and Fig. 63) confirming the expectation that the excited state is 
an E electronic state. 

In addition to the bands mentioned so far which are pseudo -parallel since 1 
(see p. 235), two very weak bands have been foimd which consist each of a nearly 
equidistant series of lines with a characteristic intensity alternation . . . , strong, weak, 

weak, strong, These bands are exactly analogous to the similar CH3I bands 

previously discussed (see Fig. 102). They are typical _L bands, but, just as for CH3I, 
the spacing of the Q branches is much larger than corresponds to the 2 {A — B) value. 
Again this large spacing must be ascribed to the fact that in the upper state an e 
vibration is singly excited and that vibronic interaction causes the effective ^ value to 
be iMi^diive and large. 

Ho analogue of the B—Sl transition of CH 3 I (corresponding to ®Il 2 — of the 
linear case) has bem found for CF 3 I. Its absence may only be apparent because of 
overiaf^ing by tihe much skxmger system. 

The na^ediiar ©dastents of OF 3 I m the d:ectiroiaie states discussed above are 
coHecfesd in'TfiWefli ' ' 
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OSO4. One of the very few tetrahedral molecules for which discrete absorption 
systems have been observed and analyzed is osmium tetroxide. The spectrum w^as 
first observed by Lifschitz and Rosenbohm (749) and Kato (662) and studied in detail 
by Langseth and Qviller (722). It consists of a long progression of band groups 
extending from 3200 to 2145 A. The intensity distribution in this progression is, 
however, not what would be expected for a single progression. There is a minimum at 
2630 A, and all bands below 2500 A are much stronger than those above 2500 A. 
Langseth and Qviller have arranged the bands into three band systems, with 0 — 0 
bands at 33388, 36225 and 38101 cm“^. The spacings in the main progressions are 
811, 835 and 832 cm~^ in the first, second and third system respectively. Most 
probably these frequencies correspond to the ground state frequency 971 cm"^, which 
is observed as by far the strongest line in the Raman spectrum and is therefore in all 
probability the symmetrical breathing vibration vi. These assignments are in con- 
formity with the vibrational selection rules for allowed electronic transitions (see Chap. 
II, section 2b(a)); but Langseth and Qviller have assigned some other bands to transitions 
involving changes of the non-totally symmetric vibrations V3 by one quantum (i.e. 
Avq = ±1)^. It would appear that these bands can be reassigned to members of 
AVi == 0 sequences in the non-totally symmetric vibrations. 


4 . Six-Atomic Molecules 

(a) Tetra-hydrides 

C2H4 and C2D4. The history of the investigation of the absorption spectrum of 
ethylene has been well presented by Wilkinson and Mulliken (1303) and will not be 
repeated here. The longest wavelength absorption is a progression of extremely weak 
and diffuse bands extending with increasing intensity from 3400 to 2600 A, first observed 
in a path of 2.5 m of liquid ethylene by Reid (1064). In view of the extremely low 
intensity of these bands, it seems very probable that they correspond to a transition 
from the ground state to the lowest predicted triplet state ^J5iu [the T state of Mulliken 
(904)(914a)]. Indeed, more recent work by Evans (365a) has shown that this absorp- 
tion system can be observed in the gas if it is mixed with oxygen which, because of its 
triplet ground state, is known to bring out singlet — triplet transitions in other molecules 
(see p. 559). As we have seen in Chapter III, section 2d, in the triplet state as well 
as in the corresponding singlet state, the C2H4 molecule is predicted to have a X)2d 
equilibrium position, i.e., the two CHg groups are twisted by 90° with respect to each 
other. There is nothing in the observed spectrum to prove or disprove this structure. 
The average spacing, 995 cm“^, of the bands in the observed spectrum probably 
corresponds to the C — C stretching vibration V 2 in the state. 

A much stronger absorption begins in the liquid at 2600 A, but in the gas has only 
been observed from about 2100 A on. As shown by Fig. 197 it also consists of a 
progression of diffuse bands with rapidly increasing intensity. They merge into a 
continuum at about 1750 A where at the same time another. strong electronic transition 
is starting. The continuum reaches a flat maximum at about 1620 A. 

It is now generally agreed that the diJEfuse bands and the continuum form a single 
electronic transition, namely, the transition to the first excited singlet state 
corresponding to the triplet state already mentioned. The transition may be 
designated A — S ^Ag. The upper state is MuUiken’s F state which corresponds 
to the upper state of the Schumann-Runge bands of the isoelectronic O2 molecule. In 
021)4 Wilkinson and MuUiken (1303) have found that each of the diffuse bands is 
resolved into a number of peaks which they consider as corresponding to the twisting 

^ From the more recent Raman work of Woodward and Roberts (1320), it appears that 
Langseth and Qviller’s values for V3 were erroneous. 
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Fig. 197. Absorption curve of C2H4 and C2D4 in the region 2100 to 1700 A after 
Wilkinson and MuUiken (1503). 

vibration, strongly excited because of the change of equilibrium angle between the 
planes of the two CHg groups. The spacing of the main bands corresponds again to 
excitation of the C — C stretching vibration ^ 2 - By assuming the theoretical ratio of 
this vibration in C 2 H 4 and 021 ) 4 , Wilkinson and Mulliken (1303) have obtained the 
vibrational numbering of the bands (see Fig. 197). The extrapolated O — O band lies 
outside the observed region in the gas but shortward of the beginning of the A — It 
absorption in the liquid. 

The system of fairly sharp bands which starts at 1744.1 A (1735.5 A in C 2 D 4 ) was 
1561.4 A 1656-9 A 


_ 1 



Fia. Its. Spectrogram of the absorption bands of G2H4 in the region 1750 
to 155# A- TI»biiii¥l^ygteaecmsSstBiiaaiidy ofapiogre^ion of “doublets’* in V 2 == 1370cm"^. 

spaciwig of the dcmbtetB corresponds to ( = 472 cm" ^). A third member of the progres- 
»oii in is visible in several members of tb^ main progression as indicated. The pre^ures 
for the two ^)©ctio@:aD:® shown were 0.001 and 0.002 mm at a pat4 length of 40 cm. 
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recognized by Price and Tutte (1026) as representing the first Rydberg transition. As 
shown in Fig. 198 it consists of a progression of doublets which corresponds again to 
the C — C stretching vibration but its frequency is much larger than for the and 
'^Biu states. In C 2 D 4 a third (weak) component of each member of this progression is 
observed and such a component can just be recognized for a few members in C 2 H 4 
(see Fig. 198). The interpretation of these two or three components is not obvious. 
They cannot be sequences since there is no vibration of sufficiently low frequency to 
produce such an intensity in the second member. But to interpret them as progressions 
in a vibration of the upper state leads to a very low frequency since the spacing is only 
470 cm"*^ for C 2 H 4 and 280 cm“^ for C 2 D 4 . If we assume, as do Wilkinson and 
Mulliken (1303), that the. molecule is planar and symmetrical in the excited state there 
can hardly be a totally symmetric fundamental of such small frequency- Therefore 
Wilkinson and Mulliken (1303) have assigned these bands to 2^4 and where V 4 is the 
twisting vibration. Because of the large change of this frequency in going from the 
ground state to the Rydberg state (from 1027 to 236 in C 2 H 4 ), the bands with AV 4 , = 4-2 
are strong. The change of frequency in going from C 2 H 4 to 021)4 is much larger than 
would follow from the isotope relations if the twisting vibration were harmonic- A 
very low barrier and a considerable deviation from either a harmonic or a cosine 
potential must be assumed to account for the observed isotope effect. Such a deviation 
does fit with the observed rapid increase of the vibrational intervals with tq (in C 2 H 4 : 
2vi = 472, 4va = 1084). 

Wilkinson (1300) has studied in detail and under high resolution the absorption of 
both ethylenes from 1520 to 1280 A and has foimd six Rydberg transitions which 
belong to four different Rydberg series. Three of these had already been recognized 
under much lower resolution by Price and Tutte (1026). Each Rydberg transition is 
accompanied by vibrational transitions similar to those discussed above for the first 
Rydberg transition. The vibrational frequencies are given in Table 72. 

Further members of the strongest Rydberg series have been found by Price and 
Tutte (1026) between 1300 and 1200 A and have yielded an ionization potential of 
IO. 5 O 7 eV. An absorption curve extending to 1060 A has been given by Zelikoff and 
Watanabe (1329). The absorption coefficient of the first and strongest Rydberg 
transition at 1700 A reaches a value of 1600 cm~^. Some of the other members go up 
to A; 1000 cm“^. These values refer to the total absorption: underlying continuum 
and Rydberg transition. 

GH 3 SH. While CH 3 OH shows only continuous absorption in the vacuum region^ 
CH 3 SH does show both discrete and continuous absorption. From 2780 to about 
1800 A the absorption is continuous [Hukumoto (590)], but in the vacuum ultraviolet, 
as first shown by Price, Teegan and Walsh (1024), the absorption is almost entirely 
discrete to 1300 A. There is a diffuse band at about 1840 A followed by a system of 
sharp bands between 1760 and 1700 A. Further systems follow below 1640. They 
have been arranged into three Rydberg series by Price, Teegan and Walsh as indicated 
in Table 72, leading to an ionization potential of 9.43g eV. There is a striking similarity 
to the absorption spectrum of HaS (see p. 489) except that the latter is shifted by about 
200 A to shorter wavelengths. Strangely, such a similarity does not exist between 
CH 3 OH and H 2 O. 

(b) Tri-hydrides 

GH 3 CN (acetonitrile). AcetonitrUe has no absorption in the visible and near 
ultraviolet regions. Its vacuum ultraviolet absorption spectrum has been studied by 

® Beynon and Evans (llT) gave discrete hands at 1607, 1588, 1565 and 1492, 1470, 1445 A, 
but these have not been mentioned by any other investigator. 
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Herzberg and Scheibe (539) and Cutler (263). There is continuous absorption starting 
at 1820 A, which is followed at 1600 A by a short Rydberg series of discrete bands. 
The first two members of the series, at 1295 and 1150 A, show vibrational structure. 
The CsN stretching vibration is most prominent (see Table 73). The third member 
of the Rydberg series is quite diffuse and therefore the limit of the series, i.e., the 
ionization potential cannot be very precisely given. 

G2H3CI (vinyl chloride). The absorption spectrum of vinyl chloride has been 
studied by Walsh (1259). The spectrum begins at about 2200 A with a strong almost 
continuous absorption having a few very diffuse bands on the shortward side. The 
peak of the absorption is at about 1840 A, The spacing of the diffuse bands is very 
similar in magnitude to the large spacing (1370 cm~^) in the E — X system of C2H4, 
that is, corresponds to excitation of the C — C stretching vibration. It seems probable, 
therefore, that the diffuse bands represent the first Rydberg transition as do the 
B — X bands of C2H4, w'hile the continuum represents the T JV transition of C2H3CI 
similar to the A—H bands of C2H4. 

At shorter wavelengths there are two progressions of sharp bands starting at 1585 
and 1471 A with spacings of 1372 and 1200 cm"^ respectively, which are followed by 
two fairly long Rydberg series and one fragmentary one. They in turn are followed by 
an ionization continuum at 1240 A. In addition, there is a single very strong band at 
1462 A w^hich is ascribed by Walsh to a transition involving a non-bonding orbital 
near the Cl atom. 

The ionization potential of C2H3Ci comes out to be 0.51 eV lower than that of 
C2H4. Because of the high electron affinity of Cl, one might have expected the opposite 
change on the basis of a simple inductive effect. According to Walsh (1259) the 
explanation must be sought in a strong “resonance” between the tt electrons of the 
bond and the non -bonding lone pair of Cl which has the same species (i.e., is 
antisymmetric with respect to the plane of the molecule). 

(c) Di«hydrides 

G4H2 and C4H^ (diacetylene). The spectrum of diacetylene in the near ultra- 
violet was first studied by Woo and Chu (1313). They foimd an extensive system of 
weak, sharp bands in the region 2970-2650 A. Callomon (171), who studied these 
bands under very high resolution, did not find any rotational structure, although the 
heads are extremely sharp, and concluded that the upper state is slightly predissociated. 
The vibrational structure is exceedingly complicated, and this suggests (but does not 
prove) that the molecule is slightly bent in the excited state, similar to acetylene in its 
first excited state. Woo and Chu (1313) found one very distinct progression of doublets 
with spacings between doublets of 690 cm“^ and a doublet separation of about 50 cm" 
The frequency 690 cm"^ could correspond to the totally symmetric vibration vq which 
is 874 cm”^ in the groimd state, or it could be a bending vibration if the molecule is 
bent in the excited state. Under the latter assumption, the “doublets” are readily 
accounts! for as S — II and A - 11 pairs similar to those observed in HCK and C2H2 
(see p. 203f). This interpretation leads to a rotational constant of A' x 12 cm~^, a 
reasonable value. The lower state of the doublets would be one in which the lowest 
bending vibration is singly excited. 

At Acnrte* wavelengths the bands of this system become more diffuse. At the 
saam time, at about 2600 A a new much stronger system starts (“low pressure bands ” 
of W 00 Cliub AH bands of Ibw system app^yr diffuse even under tite low resolution 
used by W 00 dui. !&>wevHr, in this sysfeema r^uiarities in the vibrational structure 
are rrMire appaap^efc. Woo and Chu give ten progr^sions in the frequency 2100 cm" 
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which is probably the symmetric C=C stretching vibration in the ground state the 
corresponding frequency is 2184 cm-h One of the progressions is a “hot” progression 
corresponding to excitation of ve or pq in the ground state®. Such a progression with 
At^bending = — 1 oan occuT Only if the molecule is bent in the excited state (see p. 203). 
The mutual relation of the other progressions to one another is not clear. Woo and 
Chu have measured this system to 2000 A. It is not certain how far it extends into the 
vacuum region since Price and Walsh (1029) in their work on the vacuum ultraviolet 
absorption used much lower pressures. 

Price and Walsh did find two extremely strong and very short progressions at 
1645 and 1447 A which represent the first members of two Rydberg series having one 
and the same limit, viz . , 87042 cm “ ^ . This limit must correspond to the first ionization 
potential (10.79i eV). The spacing in the short progressions (not given by Price and 
Walsh but measured by Callomom (171) on their reproductions) is 2150 ± 50 cm“^, 
clearly corresponding to the vibration va* The absence of other vibrational bands 
makes it practically certain that in all the Rydberg states the molecule is linear just as 
in the ground state. 

At 1120 A, i.e., just below the first ionization limit, a new set of strong absorption 
bands starts. These bands must be the first members of new Rydberg series going to 
the next ionization limit. While the higher members of these series have not been 
observed, one can estimate, comparing with the average of the two previous series, that 
the next ionization limit will be at about 111000 cm~^, that is, there must be a fairly 
low-lying excited state of the 04!!^ ion. Such a state is to be expected since there will 
be two TT orbitals corresponding to the two triple bonds. The lower one will be 
the higher Wg, the splitting being a measure of the “conjugation” between the two 
triple bonds. Both are filled in the neutral molecule. Removing an electron from TTg 
results in the ground state (^11^) of the ion, removing one from ttJ gives an excited state 
(^riu) of the ion corresponding to the second Rydberg limit. Because of the resonance 
between the two tt orbitals, the first ionization limit of C4H2 is less, the second is greater 
than the single limit in C2H2. 

The allowed transition ^Ilu~^TLg of the ion has been identified by Callomon (171) 
as the so-called “ T ” spectrum discovered by Schuler and Reinebeck ( 1 1 12) in discharges 
through acetylene and related compounds. It consists of a number of bands with very 
narrow fine structure in the region 5900-5000 A. The 0 — 0 band is at 19723 cin“^, 
which compares well with the very rough estimate, 24000 cm“ from the two ionization 
limits of C4H2. Callomon (171) has succeeded in a full vibrational and rotational 
analysis of this spectrum. The doublet splittings in the upper and lower ^II states are 
30.6 and 33.3 cm"^ respectively. The rotational constants and vibrational frequencies 
in the ground state of the C4H2 ion are very similar to those of the ground state of the 
neutral molecule (see Table 74). The molecular ion is linear and symmetric in both 
states. 

HC2GHO (propynal). The violet and near ultraviolet absorption spectrum of 
propynal (propargyl aldehyde) was first studied under low resolution by Howe and 
Goldstein (581). High resolution studies of the main absorption system starting at 
3830 A were made by Brand, Callomon and Watson (140) (141) who have been able to 
obtain an exceptionally complete rotational and vibrational analysis of this interesting 
spectrum. The molecule is very nearly a prolate symmetric top and the main bands 
are perpendicular bands of this top with the transition moment perpendicular to the 
plane of the molecule (type C bands). Figure 199 shows the central part of the 0 — 0 

® Woo and Chu did not know the true fundamentals of C4H2 in the ground state. It is 
therefore significant that th ^ value 635 cm“^ found by them is close to two of the bending 
frequencies (v^ and vs) now known (see Table 74). 
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Fig. 199. Central part of 0-0 band of the A-X system of propynal after Brand, 
Callomon and Watson (141). The Q heads, and ’■Q 2 » %» • • • form a 

regular series, but because of large asymmetry doubling, the Q heads of the sub -bands 1 — 2, 
0 — 1, 1 — 0 and 2 — 1 are not obvious (unlike the HNCN band in Fig. 108 for which the asym- 
metry effects are much smaller). Below the spectrogram a Fortrat dia^am of the Q branches 
is shown. The higher asymmetry terms produce a concentration of lines near the origin of 
the band. 

band. The slight deviations from the symmetric top cause deviations of the branches 
from the normal form at high J as indicated below the spectrogram; in particular a 
concentration of lines results halfway between ^Qi and ^Qo which gives the band a less 
regular appearance than one might have expected. 

The type G character of the main bands shows that the electronic transition is 
^.4'. In addition to these main bands there are also weaker bands of type B 
and type A corresponding to odd Ar values of the out-of -plane vibrations. They are 
forbidden components in the '^A" —'^A' electronic transition (see Chap. II, section 2b(j3)). 
Although this transition is analogous to the near ultraviolet bands of H 2 CO (see p. 518) 
unlike HgCO the inertial defect in the excited state is found to be very nearly zero, 
indicating that the molecule is at least nearly planar in this state. The levels of the 
out-of-plane vibrations show no irregularity w^hich might suggest a potential maximum 
for the planar conformation. This is in contrast to the excited state of H 2 CO where 
the barrier is about 600 cm~^. 

All but one of the 12 vibrational frequencies of the excited state have been deter- 
mined (see Table 74). At somewhat longer wavelengths beginning at about 4200 A 
is an extremely weak band system which in all probability has as upper state the ^A" 
state corresponding to the ^A*" upper state of the 3800 A system, for it shows sub-bands 
with AX = 0, + 1 and AAT = 0, ±1, ±2 (Callomon, unpublished). This system is also 
emitted in electrodeless discharges through propynal vapour. As in the case of formal- 
dehyde, it probably ow^ its appearance mainly to mixing of the ^A'^ state with some 
higher state through spin-orbit coupling. Vibronic interaction which causes the 
forbidden components in the ^A'^ — ^A' transition is not effective in the ^A" ~^A' 
teansition: bands with odd A 17 values in the out-of-plane vibrations are absent. 

At Aoeter waveleogtlis there is a group of diffuse bands near 2100 A and continuous 
abeorpticKii below 1550 A. 

CJsjHaOa CPyoxal vapcM' ecdhibiis a system of weak, sharp absorption 

bands in the 5400 to ^900 A fir^ observed by Purvis and Mcdeland (1034), and 
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first studied in detail under higher resolution by Thompson (1206). Brand (137), with 
the help of comparisons with 021)202 j recogmzed that there are actually two band 
systems, an extremely weak one with its 0-0 hand at 5208 A, and another relatively 
much stronger one with its 0-0 band at 4549 A. Both band systems have been 
observed in fluorescence [Thompson (1206), Brand (137)] and in a high frequency 
discharge [Gaydon (414)]. While the 0 — 0 bands have the greatest intensity, enough 
vibrational transitions are observed that a fairly complete analysis is possible. Brand 
showed on this basis, and considering the observed band contours, that the main 
electronic transition (4549 A band) is the molecule having nearly the same 

(C^h) structure in both upper and lower state. This conclusion was fully confirmed 
by the analysis of the rotational structure by King (667) and Paldus and Ramsay (957). 
While King was able to resolve only the K structure Paldus and Ramsay also resolved 
the J structure and showed unambiguously that the 0 — 0 band is a type G band. 
Precise values of the rotational constants J[, B and C were determined both for the upper 
and lower state (see Table 74) for both ordinary and deuterated glyoxal. In addition 
to the main type C bands, there are also weaker bands of mixed type A and B (hybrid 
bands). These bands must be assigned as corresponding to odd changes of non-totally 
symmetric vibrations, i.e., they represent a forbidden component of vibronic type 
By^-^Ag, made possible by vibronic interactions (see p. 175f.). The very weak green 
bands are ascribed by Brand to an intercombination ^A^ — "^Ag. This assignment 
was confirmed by the observation of a strong magnetic rotation spectrum by Eberhardt 
and Renner (340). The ^A^ state belongs presumably to the same electron con- 
figuration as the '^A^ upper state of the system. 

A second absorption region extends from 3200 to 2300 A. According to Thompson 
(1206) it consists of diffuse bands, but no detailed description of this system has been 
given. The spectrum in the vacuum ultraviolet has been studied by Walsh (1262). 
There is a fairly weak progression of diffuse bands extending from 2050 to 1850 A with 
a spacing of about 560 cm“^. It is followed by a very strong fairly broad continuum 
with maximum at about 1667 A, which broadens in both directions with increasing 
pressure and is overlapped by two diffuse bands at 1750 A and 1601 A. Finally, two 
strong moderately sharp bands at 1355 and 1324 A have been found, but there is no 
clear evidence of a Rydberg series. 

C2H2CI2 {cis-, trans- and 1,1-dichloroethylene). The absorption spectra of 
cis- and -dichloroethylene have been studied by Mahnke and Noyes (793) and 
Walsh (1259), those of 1:1 dichloroethylene by Teegan and Walsh (1195). These 
spectra are very similar to that of vinyl chloride discussed above. AU have a strong 
broad continuum between 1800 and 2100 A which shifts slightly to longer wavelengths 
in going from the 1:1 to the cis and the trans molecule*^. These continua are followed 
in each case by one or more Rydberg series, each member of which shows some vibra- 
tional structure. The Rydberg series correspond in aU probability to excitation of an 
electron from the most loosely bound orbital which is the analogue of Ib^u of G2H4 
(i.e., they are the tt electrons of the double bond). In addition, there are in e€M3h case 
strong single bands, as in C2H3CI, which are ascribed by W^alsh to excitation of the lone- 
pair electrons of the Cl atoms. For 1,1-dichloroethylene a tentative Rydberg series of 
these bands has been found yielding a second ionization limit which is higher by 
0.91 eV than the minimum ionization potential. 

From the main Rydberg series, the first ionization potentials of the three molecules 
are foxmd to be 9.953 (trans), 9.657 (cis) and 9.459 eV (1,1). All of these values are 
lower than for vinyl chloride. The lowering is ascribed by Teegan and Walsh (1195) 
to the mutual repulsion of the lone-pair electrons of the two chlorine atoms combined 

^ At higher pressures, absorption extends to 2400 A. 
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with their interaction with the tt electrons of the C=C bond. This effect gives the 
right order of the ionization potentials. Quantitative absorption measurements for 
trans C 2 H 2 CI 2 in the whole region discussed here have recently been made by Goto 
(440). 

It is well known that c?s- or /ra?25-diehloroethylene can be converted into a mixture 
of the two isomers by ultra\’’iolet light in the quartz region. It was first suggested by 
Mulliken (889) that this interconversion {cis-trans isomerization) is made possible by 
the fact that in the upper state A of the absorption (Mulliken’s F state), the equilibrium 
conformation is one in which the two groups are rotated by 90® compared to the planar 
conformation. In other words, the potential surface of this state has a maximum for 
the planar conformation, and this region of the potential surface is preferentially 
reached according to the Franck-Condon principle in absorption from the ground 
state. Thus, after the absorption act the molecule wdll oscillate violently (with an 
amplitude of nearly 90°) about the perpendicular equilibrium position, and the return 
to the ground state can take place equally w'ell near the cis as near the trans conforma- 
tion, i.e., a mixture of isomers is obtained. This explanation implies that the absorp- 
tion continuum near 2200 A is not a real continuum since it does not lead to dissociation. 
Rather, it must arise by the superposition of a large number of bands corresponding to 
the large number of vibrational levels near the maximum of the potential function of 
the upper state. 

(d) Mono -hydrides 

C2HCI3 (trichloroethylene). The ultraviolet absorption spectrum of trichloro- 
ethylene described by Walsh (1259) is similar to those of the mono- and dichloro- 
ethylenes treated earlier. There is again a strong broad continuum extending, at the 
highest pressure used, from 2600 to 1 800 A with a maximum at 1 9 60 A . Strong discrete 
bands start at 1686 A and extend with increasing intensity to about 1400 A. They 
have been assigned by Walsh to two band s^'stems with vibrational intervals of 1400, 
660, 280 and 120 cm"’^ in the first, and 1400 and 426 cm“^ in the second. The 1400 
cm"^ vibration is presumably the C=C stretching vibration in these excited states. 
Its value in the ground state is 1590 cm'F If the 0-0 bands of these two band 
systems are considered as the first two members of a Rydberg series, several higher 
members can be found with a limit corresponding to 8.79 eV. However, the series 
must be considered as doubtful. Watanabe (1273) from photoionization measurements 
obtains an ionization potential of 9.47 eV. Below 1400 A, there are a number of 
broad diffuse bands of great intensity. They are ascribed by Walsh to removal of an 
electron from one of the C — Cl bonding orbitals, or one of the non-bonding orbitals of 
Cl, to high Rydberg orbitals. 

Trichloroethylene seems to be the only six-atomic mono-hydride that has as yet 
been studied in the ultraviolet in any detail (see Table 75). 

(e) Non-hydrides 

G 2 O 2 GI 2 (oxalyl chloride). Oxalyl chloride, according to Saksena and Kagarise 
(1096), has two regions of ultraviolet absorption from 3800 to 3000 and from 2900 to 
2400. The second region consists of a few very broad bands. In the first region there 
is much more structure, which has been investigated in more detail by Sidman (1130). 
There is one faidy prominent progression of five members with a spacing decreasing 
from 1463 to 1413 coa~^. This frequmcy is assigned to the totally symmetric C=0 
^.retctungvlKa^onini^mmit^ 1778 in the ground state. In addition, 

a frequent 3fl ocouib m feevcaal ecmhinations. lUie shm-p b^ds assigned 
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by Sidman to the trans isomer while an underlying continuum which becomes dominat- 
ing at higher temperature is assigned to the cis isomer. These assignments to the 
trans and cis forms have, however, been questioned by Saksena and Jauhri (1093). 

C 2 CI 4 . The ultraviolet absorption spectrum of tetrachloroethylene, studied by 
Walsh (1259), is similar to that of trichloroethylene. Like the latter, it starts with a 
strong broad continuum with maximum at 1970 A which extends to shorter and longer 
wavelengths as the pressure is increased. Indeed, at atmospheric pressure in a 10 cm 
path, Lacher, Hummel, Bohmfalk and Park (705) find strong absorption to 2700 A. 
On the shortward side of the maximum and overlapping the continuum there is a fairly 
extended progression of diffuse bands with a spacing of about 1350 cm“k A second 
frequency of 450 cm" ^ is also indicated. It is probable that the continuous absorption 
corresponds to the A - ^ system of C 2 H 4 although for C 2 H 4 the diffuse bands are on the 
longward side of the continuum. 

In G 2 CI 4 a second broad continuum occurs at shorter wavelengths with a maximum 
at 1615 A. At its shortward side it is overlapped by a progression of strong sharp 
bands starting at 1573 A and having a spacing of 1343 cm"^, with indications of two 
other frequencies (480 and 260 cm"^). It appears that this band system is the first 
member of a Rydberg series of which two further members are also observed (see 
Table 76). However, the series is not definitely established, and therefore the resulting 
ionization potential of 9.5 eV is not reliable. Photoionization measmements [see 
Bralsford, Harris and Price (135)] yield an ionization potential of 9.32 eV. 

Quantitative absorption measurements have recently been made by Goto (441). 
The absorption coefficient at the first maximum reaches 800 cm" in the region below 
1350 A it reaches 3000 cm"^. 


5. Seven-Atomic Molecules 

CH 3 NH 2 . The ultraviolet absorption spectrum of methylamine has been inves- 
tigated to about 2000 A by Herzberg and Kolsch (533), Henri and Lasareff (502), 
Emeleus and Jolley (357), Emeleus and Briscoe (356), and Forster and lungers (393). 
The observed spectrum is very similar in character to the first absorption of NH 3 except 
that it is shifted to longer wavelengths. There is apparently a single progression of 
diffuse bands beginning at about 2450 A whose intensity increases rapidly toward 
shorter wavelengths. From intensity irregularities at the longward end, it was soon 
recognized that the spacing of the bands, 350 cm" is not a vibrational frequency of 
the upper state, but that twice this separation is such a frequency. Indeed, Forster 
and Jungers (393) showed by comparison of the absorption of several deuterated 
species that a frequency of about three times the spacing is an even more important 
vibrational frequency of the upper state; in other words, we have progressions in the 
frequencies 650 and 1000 cm"^ overlapping one another. These two frequencies 
correspond probably to the wagging vibration of the NH 2 group and the symmetrical 
deformation vibration of the CH3 group respectively. The electronic transition is 
clearly similar to that in HH 3 , i.e., corresponds to removal of an electron from the 
lone -pair orbital of the N atom into a 3s Rydberg orbital. The spectrum of CHsHHa 
in the vacuum ultraviolet has not yet been studied. 

C3H4 (allene). The ultraviolet absorption spectrum of allene has been studied 
by Sutcliffe and Walsh (1179). The first absorption is continuous with a maximum at 
1710 A but extending to 2030 A and probably beyond as the pressure is increased. 
Overlapping this continuum is a progression of diffuse bands with a spacing of about 
610 cm" It seems likely that this frequency corresponds to the symmetrical C=C 
stretching vibration which in the ground state has the value 1073 cm""^- 

At wavelengths shorter than 1550 A a large number of strong bands appears. 
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but they are all fairly diffuse. Sutcliffe and Walsh (1179) have arranged these bands 
into nine Rydberg series . Some of them are rather fragmentary and probably represent 
simply vibrational members of the main Rydberg series. This conclusion is supported 
by the fact that among the nine Rydberg series of Sutcliffe and Walsh there are three 
with a Rydberg correction of about 1, while only one such series is expected from an 
ns electron in a molecule of symmetry (viz. al). On the other hand, an np electron 
becomes either a or an e electron, and therefore, combined with the core of con- 
figuration . - . e® gives rise to the five states E, A^, Bi, Bg of which only E and Bg 
can combine with the ^A i ground state. Thus, only two Rydberg series with a Rydberg 
correction of about 0.5 are expected unless one were to assume that the symmetry in the 
excited states is lower than I>2d* Sutcliffe and Walsh find four such series. Similar 
considerations apply to the nd Rydberg orbitals. 

GH3G2H (methyl acetylene). The ultraviolet absorption spectrum of methyl 
acetylene has been studied by Price and Walsh (1029), by Watanabe and Namioka 
(1277) and by Nakayama and Watanabe (927). Methyl acetylene begins to absorb at 
about 2000 A. There are two broad continua with maxima at 1920 and 1650 A. 
Several very diffuse bands overlap these continua, or one may also say that these 
continua arise by the superposition of a number of diffuse bands. At about 
1595 A discrete absorption sets in, and a large number of fairly sharp bands appear in 
the region 1595 to 1100 A. Price and Walsh (1029) have identified two fairly long 
Rydberg series with limits at 91100 and 91240 cm“ ^ while Watanabe and his associates 
(1277)(927) have assigned three other Rydberg series with a common limit at 83590 
cm“ The latter limit agrees well with the first ionization potential obtaiued by the 
electron impact and photoionization methods [Franklin and Field (398); Coates and 
Anderson (216); Watanabe and Namioka (1277)]. The first member of one of Price 
and Walsh’s Rydberg series is identical with the first member of one of Nakayama and 
Watanabe’s series. Such a coincidence throws perhaps some doubt on the reality of 
one of the series, but there are other bands which may replace the first member in one 
of them. If both Rydberg limits are real, it would indicate the existence of a low 
excited state of the CH3C2H‘^ ion 7580 cm”^ above its groxmd state. Since Price and 
Walsh consider the slight difference between their two limits as significant, the excited 
state of the ion would have a doublet splitting of 140 cm” The ground state of the 
ion would correspond to removal of an electron from the tt orbital of the O^C bond 
while the excited state of the ion would correspond to a removal of an electron from the 
e orbital of the CH3 group. The doublet splitting of the excited state is probably spin 
doubling. 

The lowering of the ionization potential of CH3C2H compared to C2H2 (viz. 10.36 
compared to 11.41 eV) may be ascribed to hyperconjugation between the three C — 
bonds of the CH3 group and the C=C bond. In other words, the reason for the lowering 
is si m ilar to the lowering of the ionization potential of C4H2 compared to that of C2H2 
(viz. 10.79 compared to 11-41 eV). 

CH3GHO (acetaldehyde). Like formaldehyde (see p. 518) and other aldehydes, 
acertaldehyde has a weak absoiption A~X (presumably tt* — n) in the region 3500 to 
2500 A. At the longward side of this absorption there are a large number of bands with 
a esmplMited fin© structure; at ^oito wavelengths the bands become diffuse and 
I into a oontimioos alworption [Henri and Schou (503), Schou (1107), Leighton and 

Blaoe^ P^7)|, Rao and Rao (1(^7) and limes and Giddings (606)]. There can be no 

quesiwn ahsicw^wm to excitation in the ^^)0==0 group. The vibra- 

tional stan^ter© ttio 'JL aystefflo.' is exfeemely ccsnplieat^ and conteadiotory values 
for th© \dbiBtional ficeqnenciee and even tibe position of the 0 — 0 band may be found in 
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the papers quoted. limes and Giddings (606) on the basis of studies at two different 
temperatures have shown that many bands previously considered as hot bands actually 
originate in the vibrationless ground state. They suggest that the 0 — 0 band is near 
28700 cm“^ or even at somewhat lower frequency and that the interval 1125 cm~^ 
found by Rao and Rao (1057) in several progressions corresponds to the C — O stretching 
vibration in the excited state. In the groimd state this vibration has the frequency 
1743 cm ” ^ . The large change is very similar to that in H 2 CO . A second more doubtful 
frequency of 480 cm “ ^ is assigned by Innes and Giddings to the out-of-plane vibration 
H 

of the C — frame. 

While in static systems acetaldehyde fluoresces in the region 6100-5100 A, in flow 
systems it fluoresces in the region 3550-4700 A. The former fluorescence has been 
shown to be due to biacetyl formed as a result of irradiation [Matheson and Zabor (800)]; 
but the latter fluorescence, studied by Murad (918) and Longin (764), is a genuine 
CH3CHO fluorescence corresponding to the same transition {A — S.) as the first absorp- 
tion system. Figure 200 shows low resolution recordings of the absorption and 
fluorescence spectrum according to Innes, Giddings and Longin. The symmetrical 
arrangement of the two curves with respect to the 0 — 0 band is nicely illustrated. It 
must be assumed that all molecules are brought to the lowest vibrational level of the 
excited state before emission. An emission spectrum very similar to the fluorescence 



Fig. 200. Low resolutioii absorption and fluorescence curves of acetaldehyde in 
the visible and near ultraviolet regions after Innes and Giddings (606). The portion 
of the 0 - 0 band is indicated by the short arrow. The fluorescence curve (to the right of -the 
arrow) is from Lon^n (764). 
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spectrum has been found by Robinson (1074) in a high frequency discharge in rapidly 
streaming acetaldehyde at relatively high pressure. 

In the vacuum ultraviolet the absorption spectrum of acetaldehyde has been 
investigated by Walsh (1263) and Lake and Harrison (714). There are two distinct 
band systems with fairly extensive vibrational structure starting each with a very 
strong pair of bands, one at 1 8 1 8 and the other at 1 662 A. In both systems a vibrational 
difference of 1200 cm~^ is prominent, probably corresponding to the C=0 stretching 
frequency in these excited states. At shorter wavelengths there are a large number of 
discrete bands which are readily assigned to three Rydberg series [Walsh (1263)]. One 
of these (see Table 77) is one of the longest Rydberg series thus far observed for a 
polyatomic molecule and leads to a very precise value for the ionization potential 
(10.229 eV). None of the members of the Rydberg series, other than the two systems 
at 1 81 8 and 1 662 A, shows any indication of vibrational structure. The system starting 
at 1662 A which represents the strongest absorption above 1200 A has an / value of 
0.13 [Lake and Harrison (714)] and is assigned by Walsh as the V ^N transition of 
the C=0 bond (in the sense of Mulliken, see Chap. Ill), that is, as a transition in which 
one electron goes from a tt bonding to a corresponding anti-bonding orbital. At the 
same time it forms the first member of the long Rydberg series. This implies that the 
anti-bonding (tt*) orbital may also be considered as a (3s or 3p) Rydberg orbital. 

G2H4O (ethylene oxide). The ultraviolet absorption spectrum of ethylene oxide 
is very different from that of acetaldehyde even though these two molecules are isomers. 
There is no analogue of the long-wave absorption of acetaldehyde. In ethylene oxide the 
first absorption occurs at 2120 A [Liu and Duncan (755)]. It is continuous and extends 
to 1600 A. Overlapping this continuum are two or three strong diffuse bands starting 
at 1715 A which in all probability represent an electronic transition different from the 
continuum. A second somewLat sharper band system starts at 1572 A; it is also 
overlapped by a continuum. The vibrational structure suggests the frequencies 780 
cm“^ in the first and 724 and 1125 cm"^ in the second band system. 

Below 1435 A there are very strong sharp absorption bands which appear to form 
Rydberg series. However, in the first assignment of these series by Liu and Duncan 
(755), an ionization potential of 10.81 eV w^as obtained while a later determination with 
the aid of the photoionization method by Watanabe (1273) led to a value of 10.565 eV. 
Lowrey and Watanabe (781) have subsequently reinvestigated and reassigned the 
Rydberg series (see Table 77). On the basis of the new assignment, a precise agreement 
between the Rydberg limit and the photoionization value of the ionization potential is 
obtained. Almost all strong members of the Rydberg series are accompanied by 
vibrational transitions. There is very strong continuous absorption below the Rydberg 
limit but only a small part of it corresponds to ionization. 

The near equality of the ionization potentials of C 2 H 4 O and C 2 H 4 (10.565 and 
10.507 eV) is striking. Also, the first absorption region of C 2 H 4 O has great similarity 
to that of C 2 H 4 . Both absorptions have been interpreted as F iV transitions, but 
it is not clear why in C 2 H 4 O, in which the tt electrons of C 2 H 4 are used to bind the O 
atom, the transition from a bonding to £tn anti -bonding orbital should take about the 
same amomt of energy as in C 2 H 4 . It seems more likely that the first ionization 
limit of C 2 H 4 O corresponds to removal of an oxygen ‘‘lone-pair” electron (as in H 2 O, 
HgOO and others), that therefore the first strong absorption is of the ct* — n type and 
that the resemblance to C 2 H 4 is coincidental. 


SF©, MoF©, WF©, UF©. A lacge number of hexafiuorides of various elements are 
now known. Most c^f them are believed to have octahedral symmetry (O^) in their 
gjround states. Bie special of these molecnlee are of interest since they 
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might exhibit examples of the special selection rules and vibronic interactions in this 
type of molecule. Unfortunately, in the regions thus far investigated, none of these 
molecules exhibit sharp band systems. We shall consider only a few examples. 

SFe shows only continuous absorption which at the highest pressures used (620 mm 
in a 1 m path) starts at 2170 A [Liu, Moe and Duncan (756)]. At lower pressures (80 
mm in a 1 m path) SFg is transparent to 1563 A. At still lower pressures ( < 1 mm) 
it is transparent to 1100 A. Below this wavelength four very broad absorption maxima 
appear, at 1054, 936, 872 and 830 A. These must correspond to at least four different 
allowed electronic transitions. The only allowed type of electronic transitions in an 
octahedral molecule is — if the ground state is ^Aig. Thus, the four upper 
states, at least near the equilibrium position of the groxmd state, must be states. 
There is, of course, likely to be strong Jahn-Teller interaction in the excited states, that 
is, the potential minima in these states will not correspond to octahedral symmetry. 

The ultraviolet absorption spectra of MoFe and WFe have been studied by Tanner 
and Duncan (1192). They find continuous absorption starting at 2815 and 2715 A 
respectively in a 40 cm cell filled to 500 mm pressure. The centers of these continuous 
absorptions are estimated to lie at about 1850 and 1750 A respectively. In MoFg 
preceding the maximum, between 2020 and 1870 A, a progression of diffuse bands is 
observed with an average separation of 639 cm~^. This frequency fits well as the 
totally symmetric aig vibration which is 741 cm"^ in the ground state. Its strong 
excitation, rather than that of a non-totally symmetric vibration, suggests that in this 
case Jahn-Teller interaction in the excited state is not strong. 

The ultraviolet absorption spectrum of UFg has been reported by Dieke and 
Duncan (10). They find a system of diffuse bands in the region 4100 to 3500 A and 
strong continuous absorption below 3300 A. The most prominent frequency in the 
band system is 600 cm"L Other band separations are 240 and 100 cm“L The main 
frequency is similar to the totally symmetric (a^g) frequency of the ground state which 
is 667 cm“^. The presence of other frequencies might suggest that the molecule, at 
least in the excited state, is not octahedral. For the ground state, the spectroscopic 
evidence for the structure appears to be quite conclusive [Bigeleisen, Mayer, 
Stevenson and Turkevich (118), Gaunt (409), Claassen, Weinstock and Malm (202)]. 
While at first such a structure seemed to be contradicted by electron diffraction [Bauer 
(100)], later refinements of the theory of electron diffraction by Glauber and Schomaker 
(425) have resolved this discrepancy in favor of the symmetrical (octahedral) structure. 


6. Eight-Atomic Molecules 

C 2 He (ethane) and BaHg (diborane). Just like methane, ethane is quite trans- 
parent to fairly short wavelengths. Its absorption spectrum is almost entirely con- 
tinuous. It has been briefly described by Scheibe and Grieneisen (1101) and Price 
(1013). According to the former authors, it begins at 1600 A, and according to Price 
it becomes more intense at 1350 and continues beyond 1000 A. In this last region 
there are extremely diffuse bands, but these have not been measured. Below 1200 A 
there is a broad continuous absorption region with a maximum at 850 A [Schoen (1105)]. 

In spite of the different geometrical structure of diborane, the ultraviolet absorp- 
tion is similar to that of ethane except that it is shifted to longer wavelengths. It 
begins weakly at 2000 A [Blum and Henzberg (126)]; a large increase of continuous 
absorption occurs at 1600 A leading to several very diffuse maxima below 1400 A 
[Price (1018)]. 

The continuous nature of the absorption of these molecules and their complete 
transparency in the near ultraviolet is connected with the fact that all valence electrons 
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are used in single bonds (there are no lone-pair and tt electrons). Therefore, the only 
non-occupied orbitals arising from the valence electrons are anti-bonding orbitals. 
States in which one electron has gone from a bonding to an anti-bonding orbital are 
likely to lie fairly high and above the dissociation limit corresponding to the bond in 
question. Moreover, the ion produced by removal of the most loosely bound electron is 
not very stable since one bond is now only a one-electron bond. Indeed, from appear- 
ance potential measurements it is well known that it requires only about 1 eV to remove 
an H atom from and even less from . Therefore, it is probable that Rydberg 

states of C2H6 and BaHe also have low dissociation energies and that the equilibrium 
positions of the nuclei are greatly changed from those of the ground state. Thus in 
absorption from the ground state, the most likely parts of the potential surfaces to be 
reached are the repulsive parts, i.e., a continuous spectrum will be produced just as in 
CH4 (see p. 526). The dissociation processes resulting from absorption in the contin- 
uous spectra of C2H0 have been studied in detail by Hampson, McNesby, Akimoto and 
Tanaka (470). The most important process seems to be the splitting off of an Hg 
molecule. 

G2H5I (ethyl iodide)- The ultraviolet absorption spectrum of ethyl iodide has 
been studied by Scheibe, Povenz and Linstrom (1102), Henrici and Milazzo (506) and 
Price (1017). It is in many respects similar to that of methyl iodide (see p. 528). 
The first absorption is a continuous one with a maximum at 2565 A, It is followed by 
a number of discrete band systems, starting at 2020 A and extending all the way to the 
two Rydberg limits at 1327 and 1249 A. The first three discrete systems (P~X, 
G — X, D — Xt see Table 78), with their jfirst strong bands at 2020, 2005 and 1837 A, are 
clearly the analogues of the methyl iodide systems B — — D — X (see Table 69). 

However, the S — X and ^ — X transitions have more nearly the same intensity and 
are closer together than the corresponding transitions in CH3I. In OH3I the G 
and D states are degenerate {E) electronic states. It is probable that the corresponding 
states of C2H5I are close-lying pairs oi A\ A'* states. 

Corresponding to the much larger number of normal vibrations, the C2H5I band 
systems are much richer in bands than those of CH3I, making a complete vibrational 
analysis extremely difficult. Some tentative assignments have been made for the B — X 
and G — X systems by Henrici and Milazzo (506). Each one of the main bands is 
accompanied by a group of bands which are clearly members of sequences in several 
of the low-frequency fundamentals. 

Following the first three systems of sharp bands, there are, just as for CH3I, 
several systems of diffuse bands in the region from 1740 to 1420 A. They m turn are 
followed by two very clear Rydberg series of sharp bands. The two series limits differ 
by 4700 cm"^, which is slightly less than the corresponding value (5060 cm“^) for 
CH3I. As for CH3I, these two limits correspond to the two spin doublet components 
of the ground state of the ion. While in CHsI^ these two components differ in type 
(JE^I and E^), in C2H5l‘^ with its lower symmetry they are of the same type, viz., 
Combining an ns electron (species ej) with the lowest E^ state of the ion gives two pairs 
of A\ A" stat^ (see Table 57). The states B and G are probably these two pairs for 
n = 5. While in CH3I the B state has approximately n = 2 and B — X is thus 
very weals, £1 is not even approximately defined in C2H5I and therefore B^-X and 
0 — are of nearly the same intensity. The ionization potential of C2H5I is smaller 
by 0.2 eV than that of CH3I. 

The spectra of CsHsBr *uid C2H5CI have been briefly described by Price (1017); 
they differ from tliat of C^HsI in much the same way as the spectra of CHsBr and 
CH3CI differ from that of CSHgl: There Is a shift to shorter wavelengths and all bands are 
diffuse, the dififf^aosess fcr the cMorkfe being greater thjm for the bromide. 



V, 6 EIGHT-ATOMIC MOLECULES 547 

C2H3CHO. Acrolein (or propenal), like most aldehydes, has a characteristic 
though fairly weak absorption in the region 3870 to 3000 A with a maximum at about 
3300 A. This absorption was first studied by Liithy (783) and re-examined by Thomp- 
son and Linnett (1209), Blacet, Young and Roof (121) and Inuzuka (614). It was 
studied under fairly high resolution first by Eastwood and Snow (337) and recently 
by Brand and Williamson (145). The latter authors, with the help of a study of 
C2H3CDO, have obtained a fairly detailed vibrational analysis identifying nine of the 
eighteen fundamentals of the excited state (see Table 78). The most prominent 
progression is that in the CO stretching vibration vq = 1265 cm which in the ground 
state has the frequency 1723 cm“^. Toward shorter wavelengths the intensity 
increases rapidly in the 1265 cm“^ progression. At the same time the bands become 
more diffuse and eventually merge into a continuous absorption. Hollas (565) has 
independently come to substantially the same vibrational analysis and has added a 
partial rotational analysis. 

Under high resolution the principal bands show a structure similar to that of the 
G type bands of glyoxal (see p. 539). This structure must be interpreted as the K 
structure of perpendicular bands of a nearly symmetric top. The molecule forms a 
nearly symmetric top only for the trans structure 

H H 

\ / 

C=C 

/ \ 

0=C H 

\ 

H 

but not for the cis structure; the trans structure must therefore be considered as 
established. The transition moment is perpendicular to the plane of the molecule, 
that is, the transition is ^A"—^A'. Since the K structure is shaded to shorter wave- 
lengths (while the unresolved J structure is shaded to longer wavelengths), it follows 
that the rotational constant A in the excited state is even greater than in the ground 
state and therefore that the molecule has the trans structure also in the excited state. 
From an assignment of the torsional vibrations in the excited state. Brand and William- 
son derive the barrier heights 2700 and 5300 cm“^ for the terminal and central C — C 
bonds respectively in the excited state, while the corresponding values in the ground 
state are 8700 and 2270 cm"^. In other words, a reversal in the single and double 
bond character of these two bonds seems to take place on excitation. 

At the longward side of the system is a very weak system of absorption I 

bands starting at 4122 A [Brand and Williamson (145)]. It is probable that the upper 
state of these bands is the triplet state corresponding to the singlet upper state of the 
3865 A system. As a confirmation of this assignment Eberhardt and Renner (340) 
observed the 4122 A bands in magnetic rotation. Like the corresponding transition in 
H2CO and similar molecules, the two upper states (^A" and M") arise by taking an 
electron from the most loosely bound (lone pair) orbital predominantly centered on the 
O atom to an anti-bonding tt orbital of the C=0 bond, that is, these transitions may be 
described as tt* — n transitions. 

At shorter wavelengths a second much stronger absorption, almost entirely 
continuous, starts at 2350 A. Thompson and Linnett (1209) report a few diffuse bands 
at the longward end with a spacing of 300 cm”^- It is probable that this continuous 
absorption is the same as that observed by Walsh (1260) at lower pressure, in the 
region 2050 and 1800 A with a maximum at 1935 A. This absorption probably 
r^resents a ib^^ansition of the C==C bond corresponding to a removal of an 
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electron from a bonding [rf) to an anti -bonding (tt*) orbital in this bond (tt* — tt 
transition). 

At still shorter wavelengths there are a large number of slightly diffuse bands. 
Most of these bands have been assigned by Walsh to three Rydberg series (see Table 
78). They all go to the same limit, which clearly corresponds to the first ionization 
potential (removal of the lone -pair electron of the oxygen atom). A very strong band 
at 1750 A followed by some vibrational structure, as well as a strong doublet near 
1600 A, do not belong to these Rydberg series. They may represent the beginning of 
Rydberg series corresponding to removal of an electron from a tt orbital of the C=C 
bond. 

There is a striking similarity of the spectrum of acrolein wdth that of acetaldehyde, 
except that in the latter there is no analogue of the strong continuum near 1900 A. 
For a more detailed comparison see Walsh (1260). 


7. Nine-Atomic Molecules 

(GH3)20 and (€113)28. Dimethyl ether shows only weak continuous absorption 
in the quartz ultraviolet, beginning at about 2350 A [Thompson (1204)]. This con- 
tinuum is followed by a progression of diffuse bands starting at 1880 A [Scheibe and 
Grieneisen (1101), Harrison and Price (481)]. The spacing varies between 340 and 
430 cm~ ^ and probably corresponds to the C — O — C bending vibration V7 in the excited 
state (in the ground state v? = 413 cm“^). After a gap in the absorption near 1790 A 
similar groups of bands are found more and more frequently. Some of them have 
been arranged in a Rydberg series by Hernandez (511) yielding an ionization limit at 
80330 cm~^. 

Dimethyl sulfide has been investigated by Thompson and Linnett (1210) and Price, 
Teegan and Walsh (1024). With an absorbing path of 10 cm and a pressure of 3 mm, 
a system of diffuse bands appears in the region 2300 to 2100 A. Two bands, at 2278 
and 2142 A, are particularly prominent. Their separation of 2787 cm"^ corresponds 
presumably to a CH stretching vibration in the excited state. The interpretation of 
the other observed intervals is much less certain. A much stronger very broad diffuse 
band appears at 2025 A. It is followed by a system of strong sharp bands between 
1960 and 1850 A with frequency differences of 650 and 330 cm”^. Another broad 
diffuse band (weaker than the one at 2025 A) appears at 1795 A. Finally, at 1645 A 
se\'erai systems of very strong sharp bands begin which, however, rapidly merge into a 
continuous absorption in the region 1530 to 1400 A. It is probable that the strong 
bands at 1645 A represent the beginning of a Rydberg series. On this basis Price, 
Teegan and Walsh suggest an ionization potential of 8.7 eV. 

C4H4O (furan). The ultraviolet absorption spectrum of furan has been in- 
vestigated by Pickett (979) (980), Price and Walsh (1028) and Watanabe and Naka- 
yama (1275). Contrary to earlier observations of Menczel (821) and Fialkovskaja 
(380), Pickett has shown that furan vapor is transparent to 2300 A, even at a pressure 
of 400 mm and a path of 60 cm. Near this wavelength there is a steep increase of 
continuous ateorption leading to four broad maxima at 2110, 2043, 1996 and 1953 A. 
These appear to form a progression in a frequency 1200 em“^. At somewhat shorter 
wavelength, 1915 A, begins a system of sharp strong bands whose vibrational structure 
has been faldy fully analyzed by Pickett. Only short progressions appear, the 0 — 0 
band at 1§15 A being by far the strongest. Three vibrational frequencies, 1395, 1068 
€yad 848 have been fairly dta&aitely identified; two otheacs, 2965 and 465 cm“^, 

are tentative. Priee and WaJteh interpr^ the moi^ prominent frequoney, 1395 
as that oC a vibration in the C1==C? bonds; tibe eorae^onding ground state 
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frequency is 1486 cm"^. Since excitation in all probability corresponds to removal of 
an electron from one of the tt orbitals in the ground state, excitation of the C=C 
vibration was to be expected. 

Furan is again fairly transparent between 1800 and 1700 A. At 1680 A strong 
sharp absorption bands are found. At shorter wavelengths they become more and 
more numerous. Price and Walsh (1028) picked out of this large number of bands 
two Rydberg series with a common limit at 73050 cm"^. But this limit did not agree 
well with the later photoionization experiments of Watanabe and IsTakayama (1275) 
who, with the help of intensity measurements, picked out two entirely different Rydberg 
series with a dilferent limit (71683 cm“^); this latter limit does agree very well with 
the ionization potential obtained by photoionization experiments. A number of 
vibrational bands have been assigned for several members of these Rydberg series. 
The frequency 1068 cm"^ is most prominent. 

Overlapping the ionization continuum of the first ionization limit is a considerable 
number of diffuse bands in the region 1400 to 1250 A, of which a band at 1383 A is 
particularly prominent. Watanabe and Nakayama (1275) have assigned this band 
with six others to a Rydberg series with a limit at 80229 cm" b i.e., 1.060 eV above the 
first limit. Since furan must have two orbitals corresponding to the four tt electrons, 
it seems reasonable to assign the second ionization limit to ionization from the lower of 
these two orbitals. 

C4H4S (thiophene). As has been known for a long time, thiophene has a discrete 
absorption starting at about 2400 A (with weak extensions to 2600 A). This absorption 
appears to be similar to the well-known near-ultraviolet absorption of benzene (see 
section 10). Such a similarity is not surprising in view of the aromatic behavior of 
thiophene. Spectrograms of the near -ultraviolet absorption system of thiophene 
have been published by Godart (426), Price and Walsh (1028) and Milazzo (841). 
They show clearly a progression in a frequency 965 cm~^. Just as the 925 cm"^ 
frequency of CeHs it must be assigned as a totally symmetric vibration corresponding 
essentially to a “breathing” motion in the excited state. Several other vibrational 
frequencies have been identified by Milazzo (841) (see Table 79). At shorter wave- 
lengths the bands of this system become diffuse. Milazzo (841) assigns these shorter 
wavelength bands to other electronic transitions, but it seems more probable that they 
belong to the same transition as the bands at longer wavelengths. 

Much stronger absorption starts rather abruptly, after a transparent region, at 
1880 A. Only the first few bands of this system are sharp; the remaining ones become 
rapidly very diffuse. Vibrational frequencies of 540 and 1250 cm"^ in the upper state 
are apparent. A large number of sharp absorption bands occur in the region 1 600 to 
1400 A. Apparently they form a number of Rydberg series of which the most promi- 
nent, according to Price and Walsh, gives an ionization potential of 8.95 eV. 


8. Ten- Atomic Molecules 

(G2H3)2 ( 1,3 butadiene). The ultraviolet absorption spectrum of butadiene was 
first studied by Scheibe and Grieneisen (1101) and later in more detail by Price and 
Walsh (1027). It begins with a short progression of very diffuse bands between 2170 
and 1970 A. Their spacing of 1440 cm" ^ very probably corresponds to the symmetrical 
C=C stretching vibration whose value in the groimd state is 1643 cm"^. The 2170— 
1970 A system is probably the analogue of the first singlet transition ( J[ -4- ^ of Table 
72) of ethylene. In C2H4 the frequency of the C=C vibration drops from 1623 to 
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850 cm"'^ since one of the tt electrons goes from a bonding to an anti -bonding orbital 
(F iV transition of Miilliken). The reason that in butadiene it drops only from 1643 
to 1440 cm"^ is presumably that there are two pairs of tt electrons, and thus removal 
of one electron to an anti -bonding orbital does not lower the bond strength as much. 

The diffuse bands are followed (and partly overlapped) by a number of strong single 
and double bands in the region 2000-1600 A which represent apparently separate 
electronic transitions. The separation of the components of the pairs is about 350 
cm”^ which may be (as assumed by Price and Walsh) the analogue of the 
splitting 460 cm~ ^ observed in C 2 H 4 and there ascribed to twice the torsional frequency. 
A group of diffuse bands sets in at 1760 A [assigned to the transition F 2,3 -f- A’ by 
Price and Walsh] and below 1520 A a large number of sharp bands are observed which 
represent separate electronic transitions. Price and Walsh (1027) have assigned 
two Rydberg series which lead to an ionization limit of 9.061 eV. There is a 
splitting of the first members of these series which rapidly diminishes and could be 
ascribed to the splitting between singlet and triplet levels arising for each n by inter- 
action between the outer electron and the core. A number of bands appear beyond 
the ionization limit at 1370 A. These must correspond to excitation of an electron 
from the second tt orbital which lies 1.5 eV below the first (see p. 401). 

Sugden and Walsh (1176) have assigned another fragmentary Rydberg series 
among the many bands below 1520 A. This series yields an ionization potential of 
8.75 eV and has been ascribed to the presence of cis -butadiene while the main Rydberg 
series belong to trans -butadiene. However, the photoionization experiments of 
Watanabe (1273) have not confirmed the existence of a lower ionization potential, and 
infrared and Raman spectra give little evidence of the presence of cis-butadiene [Marais, 
Sheppard and Stoicheff (797), see, however, Panchenko, Pentin, Tyulin and Tatevskii 
(959)]. 

(CH3)2C0 (acetone). Like all ketones, acetone has a moderately strong absorp- 
tion in the near ultraviolet extending from 3300 to 2200 A with a maximum at about 
2750 A. The older literature on this spectrum is well summarized by Noyes, Duncan 
and Manning (942). As was first recognized by Norrish, Crone and Saltmarsh (941) 
there is sharp fine structure at the longward end from 3300 to 3000 A, but this becomes 
rapidly diffuse and merges into a continuum extending from 3000 to 2200 A. Three or 
four indistinct maxima are observed in the continuum [see Norrish et al. (941)] which 
are separated by about 1100 cm~^. By irradiation wdth light in the discrete region, 
acetone vapor can be made to fluoresce [Damon and Daniels (266) and Crone and 
Norrish (256)]. The presence of this fluorescence shows that the absorption in the 
longward region is really discrete; but there are some complications w^hich we shall not 
discuss here [see, for example, Groh, Luckey and Noyes (449)]. Noyes, Duncan and 
Manning (942) have made a tentative vibrational analysis of the discrete part of the 
absorption spectrum and find long progressions in the frequency 210 and short progres- 
sions in the frequency 1198 cm“^. The former probably corresponds to the ground 
state frequency 391 cm-^ (C— C— -C deformation vibration). 

The absorption of acetone in the vacuum ultraviolet, fihst studied by Scheibe, 
Povenz and Linstrom ( 1102 ), has been investigated in detail by Lawson and Duncan 
(731) both for the ordinary and the deuterated compound. There are three or four 
strong band groups, starting at 1944 A, with a spacing of 1194 cm' L The vibrational 
analysis by Lawson and Duncan gives, in addition, the upper state frequencies 1047, 
714, 315 and 269 A quantitative absorption curve in this region is given by 

Lake and HarrMm f714). 

Foiowing an absorption minimum near 1740 A, a group of rather irregularly 
sharp ban^^mrts at 16^ A |Duik^ P16||. The strongest band in this 
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region is at 1533 A; it represents in all probability a separate electronic transition. 
Many other bands follow at shorter wavelengths. They represent probably a number 
of Rydberg series. Duncan (316) gave one Rydberg series, but its limit was not 
confirmed by the photoionization experiments of Watanabe (1272), who made a 
different assignment of Duncan’s data and obtained a series leading to an ionization 
potential of 9 . 7 O 5 eV. There is strong continuous absorption from 1280 A on; it is 
probably the ionization continuum. 

C4H4NH (pyrrole). The ultraviolet absorption spectrum of pyrrole, studied by 
Scheibe and Grieneisen (1101), Price and Walsh (1028) and Milazzo (840), is simOar to 
that of furan (see p. 548) which has the same number of electrons. The first absorp- 
tion between 2200 and 1900 A consists of a progression of very diffuse bands (spacing 
1360 cm“^). It is shifted somewhat to shorter wavelengths compared to furan [see 
Milazzo (838)] and is followed by a continuous absorption between 1900 and 1770 A 
which seems to correspond to the discrete bands of furane in the same wavelength 
region (transition B A”). At shorter wavelengths, between 1750 and 1590 A, there 
is a weak system of diffuse bands probably corresponding to the ^ X system of 
furan. Starting at 1530 A, a number of single sharp bands have been observed which 
have not been classified but do seem to represent Rydberg series going to the first 
ionization potential. 

In hexane solution Menozel (821) reports a weak longward extension of the 
absorption of pyrrole to 2800 A with a number of very faint bands in the region 
2743-2596 A. 

(pyrazine). Several absorption systems of pyrazme have been 
observed. Two systems in the near ultraviolet are of particular interest: an extremely 
weak system of sharp bands in the region 37 60-3560 A, and a moderately strong system 
of sharp bands in the region 3300-2900 A. These two systems, first described by Hirt 
(556) and Ito, Shimada, Kuraishi and Mizushima (613), have recently been further 
studied by Innes and his co-workers who have shown that they supply interesting 
applications of the selection rules discussed in Chapter II. 

The absorption system at 3300 A consists of bands of two different types: some are 
exceedingly sharp under medium resolution, while others appear broad. Ito et al. 
(613) concluded that there are two different electronic transitions in close proximity, 
but Innes, Simmons and Tilford (610) showed conclusively, by comparing the spectra of 
C 4 H 4 N 2 and C 4 D 4 N 2 , that there is only one electronic transition of which the sharp 
bands form the allowed H component, while the broad bands represent a forbidden J_ 
component made possible by vibronic interaction. The sharp bands show under high 
resolution a remarkably simple appearance [Merritt and Innes (831)] as illustrated in 
Fig. 105. They have clearly the structure of 1| bands of a symmetric top with nearly 
the same A and B values in the upper and lower state. Thus, the electronic transition 
moment must be in the direction perpendicular to the plane of the molecule, i.e., we 
have a electronic transition, assuming a planar structure for the molecule 

and using the choice of axes recommended by MuUiken (912). 

On the other hand, according to Innes and Parkin (609) the broad bands show 
under high resolution a perpendicular type structure, that is, the transition moment is 
in the plane of the molecule; more particularly, the observation of a central peak in these 
bands shows that they are of A (not B) type, that is, the transition moment lies in the 
a-axis which passes through the two nitrogen atoms. An A type component, which is 
forbidden in an allowed ~ '^Ag transition, may occur when a h^g vibration is excited 
by 1, 3, . . . quanta. The vibrational analysis shows that the strongest broad bands 
are shifted by 383 cm"^ compared to the main sharp bands. Moreover, there are hot 
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bands® of the J_ type separated by 919 cm"’- toward longer wavelengths from the 
main || bands. The latter frequency does correspond to an observed 62^ R-aman fre- 
quency. Innes, Simmons and Tilford (610) therefore conclude that 383 cm"’ is the 
excited state h^g frequency corresponding to 919 cm"’ in the ground state (the corre- 
sponding frequencies for 040^^2 are 292 and 721 cm" ’ respectively). It is significant 
and in agreement with the vibronic selection rules that hot bands in which the frequency 
919 cm"’ (or 721 cm"’ for C4D4N2) is doubly excited have again the same sharp || 
structure as the corresponding main bands. 

The intensity of the forbidden component of the — electronic transition is 
determined by the strength of the vibronic interaction. F or the deuterated compound, 
because of the smaller amplitude of the vibrations, the vibronic interaction is less strong, 
and therefore the intensity of the forbidden component relative to the allowed one 
should be less strong. This is indeed observed [Innes, Simmons and Tilford (610)], 
and this observation represents a striking confirmation of the theory of forbidden 
transitions (see Chap. II, section 2b(j8)). 

The extremely weak 3700 A system has recently been studied in absorption under 
very high resolution by Innes and Giddings (607). They find that the band structure 
is very similar to that of the 3300 A bands, i.e., is that of a 1| transition. However, 
there is a slight intensity alternation in the branches which suggests the presence of 
AK = ±2 transitions in addition to the main AiS! = 0 transitions. For a planar 
nearly symmetric top molecule the spacing 4(B — (?) of the Q brancl^s with AK = ± 2 
is very nearly the same as that of the P and R branches (viz. 2.B) in the AK = 0 
component; but the AK = ±2 component will have an intensity alternation in the 
ratio 13:11 as a function of K since the top axis is a two -fold axis of symmetry. The 
presence of AK — ±2 branches can be accounted for by the assumption that the 
transition is a triplet •- singlet transition [Herzberg (523); see Chap. II, section 3b]. 
This triplet - singlet transition is most probably corresponding to the 

transition at 3300 A. The proposed interpretation has been strikingly 
confirmed by Douglas and Milton’s (299) observation of a large Zeeman splitting in 
the 3700 A system. 

The values of the rotational constant Bq derived by Innes et al. from the two-band 
systems for the lower state agree in a very satisfactory way (0.2060 and 0.2048 cm"’); 
those for the excited states differ slightly (0.2041 and 0.2036 cm"’ respectively). 
These constants fit very well with reasonable geometric data of the molecule in both 
upper and lower states but are, of course, not sufficient to determine them. 

Goodman and Kasha (437) and El-Sayed and Robinson (351) have studied the 
phosphorescence of pyrazine in various solid matrices. The observed spectrum clearly 
represents the — transition in emission. It consists mainly of a fairly long 
progression in a frequency 600 cm"’ extending from the 0 — 0 band as obtained in the 
absorption spectrum to longer wavelengths and, in addition, several weaker combination 
bands. A frequency of 609 cm"’ has been observed in the Raman spectrum of the 
liquid and has been assigned by Lord, Marston and Miller (770) to a totally symmetric 
ring vibration (^5) in which the two N atoms move outward while the four CH groups 
move inward®. One would conclude from the observation of a long progression in this 
vibration that in the ^B^^ — '^Ag transition the C — — C angle changes appreciably. 
In the absorption spectrum a corresponding progression is more difficult to establish 
because of the overlapping by the A— system. 

® El-Sayed and Robinson (351) have apparently observed some of these hot bands in a 
solid matrix: at very low temperature and conclude that they are not hot bands but correspond 
to a diffiarent electeonlc transsation. 

® From tis© ® feWQE#i0n the fr^pienoy of this vibration in the vapor has been 

found tOi b© 596 cm" ■ ■ ' 
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A third absorption system consisting of diffuse bands, has been observed 

and analyzed by Hirt (556). In the vacuum ultraviolet five band systems have been 
found and studied in detail by Parkin and Innes (963). One of them, consists 

of a large number of very sharp bands, the others of diffuse bands. The vibrational 
data on these band systems are included in Table 80. 

The four transitions d ^ X, B-X and O-X can be readily interpreted in 

terms of molecular orbitals: there are two orbitals ag and derived from the lone- 
pair electrons (also called n) of the two N atoms. Of these, 6 i„( 7 i) is probably the most 
loosely bound filled orbital in the ground state. In addition, there are the six tt 
orbitals of the three double bonds: three bonding ones of species h^g, b^g and 63 ^ (often 
simply called tt), and three anti-bonding ones of species h^g and (often called tt*); 
only the former are filled in the ground state [see Ito et al. (613)]. Transition of an 
electron from the orbital to h^g (tt*) gives rise to and 

transitions, thus accounting for the two long wavelength systems d — X and J[ — X. 
The B and C <- X transitions are then most naturally interpreted as those in 
which an electron goes either from b^g (tt) orbital to (tt*), or from 63 ^ (tt) to bzg (tt*) 
both of which gjve rise to ^Bij^ — ^Ag transitions. Experimentally, the band types of 
the B — N. and 0 — X transitions have not been established. 

The spectra of the less symmetrical diazines, viz., pyridazine (1,2-diazine) and 
pyrimidine (1,3-diazine) have been studied by Uber (1229), Halverson and Hirt (464) 
and Parkin and Innes (963). Their results are included in Table 80. 

9. Eleven-Atomic Molecules 

CsHe (1,3 cyclo-pentadiene). Even though cyclopentadiene differs from furan 
only by the substitution of a CHg group for the O atom, its ultraviolet absorption 
spectrum is rather different from that of furan. Indeed, there is a greater similarity 
with thiophene. The spectrum has been investigated by Scheibe and Grieneisen (1101), 
Pickett, Paddock and Sackter (982) and Price and Walsh (1028). The first absorption 
is a broad diffuse region extending from 2600 to 2100 A with an intensity maximum 
at 2320 A. There is a progression of extremely diffuse bands with a spacing of about 
770 cm-h 

Very suddenly, at 1985 A a strong discrete absorption begins extending to 1860 A 
and consisting of several progressions of bands with vibrational intervals 1440, 1070, 
780 and 470 cm"^. The frequency 1440 clearly corresponds to the strong Kaman 
frequency 1496 cm“^ [Reitz (1067)], which must be considered as the symmetric 
vibration of the two C=C bonds in the ground state. Similarly the frequencies 1070 
and 780 cm"^ probably correspond to the totally symmetric vibrations 1105 and 911 
cm""^ of the ground state. The frequency 470 cm“^ is not as readily interpreted. It 
cannot be the frequency of the CH 2 twisting vibration as assumed by Price and Walsh 
(1028) since this vibration is not totally symmetrical. It could, however, be twice this 
frequency, similar to the interpretation of the band pairs in ethylene (see p. 635). On 
this assumption the twisting vibration would be only 235 cm"^ in the excited state. 
On the other hand the frequency difference 470 cm“^ could also be interpreted as the 
difference of two electronic transitions as was assumed by Pickett, Paddock and Sackter. 

Cyclo-pentadiene is fairly transparent between 1860 and 1670 A. Below 1670 A 
many strong individual absorption bands occur which appear to represent separate 
electronic transitions without much vibrational structure. Some of them are rather 
diffuse. Price and Walsh (1028) have identified tentatively one Rydberg series among 
them which leads to an ionization potential of 8.623 eV. 

Cyclo-pentadiene (like furan and thiophene) has four tt orbitals, two bonding and 
two anti-bondiog, only the former being filled in the ground state. It seems likely that 
the first absorption (A—^) corresponds to removal of an electron from the high^t 
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bonding tr orbital to the lowest anti-bonding tt* orbital (tt* — tt transition). Whether 
the second absorption (B — X) is also a transition between tt orbitals or corresponds 
to excitation into a Rydberg orbital is difficult to decide. 

CsHsN (pyridine). The near ultraviolet absorption spectrum of pyridine vapor 
in the region 3000-2500 A was first investigated in detail by Henri and Angenot (499). 
Ten years later Sponer and Stiicklen (1153) reinvestigated the spectrum and accom- 
plished a fairly satisfactory vibrational analysis. 

The spectrum consists of a large number of very sharp line -like bands which reach 
a maximum of intensity at about 2750 A, w^here at the same time the bands become 
somewhat diffuse. The most prominent feature is a fairly long progression in a 
frequency 542 cm"^ which starts with a band at 34769 cm“^. This band must be 
considered as the 0 — 0 band of the system. Preceding it at a distance of 601 cm“^ is a 
much weaker but similar band which must be the 0—1 band in the same vibration. 
Indeed, from the Raman spectrum the lowest totally symmetric vibration in the ground 
state is observed to be 605 cm“^ (in the liquid). It seems certain that the interval 
542 cm'" ^ is the frequency of the corresponding vibration in the excited electronic state. 
Five other totally symmetric vibrations of the ground state (1482, 1218, 1068, 1029, 992) 
have been identified by Sponer and Stiicklen among the hot bands on the longward 
side of the 0 — 0 band. In the upper state, in addition to 542, only the frequencies 995 
and 968 cm’^ corresponding to 1029 and 992 cm~^ respectively in the ground state, 
have been definitely identified. Tentative identifications of several other vibrational 
frequencies, including some non-totally symmetric ones, have been made by Sponer 
and Stiicklen. A progression of weaker bands accompanying the main progression at a 
separation of 139 cm"^ at the shortward side is puzzling and has not been interpreted. 

The almost line -like structure of the near ultraviolet pyridine bands suggests that 
they are \\ bands (Ai? = 0 ) and that the rotational constants are nearly the same in the 
upper and lower state. This suggestion implies that the electronic transition is 

— This assignment is in accordance with the interpretation of the excited 

state as one in which an electron is removed from a lone-pair orbital {aC to an anti- 
bonding 77 orbital ( 6 i); in other w^ords, the transition is of the type 77* — n just as the 
near ultraviolet system of pyrazine (see p. 553). This interpretation first suggested 
by Kasha (659) has since been supported by a great deal of other evidence [see Goodman 
(436)]. For pyridine the triplet - singlet transition corresponding to the main bands 
has not yet been found^®. 

The far ultraviolet spectrum of pyridine has been briefly described by El-Sayed, 
Kasha and Tanaka (350) and El-Sayed (349). There are four Rydberg series, one 
converging to 9.265 eV, presumably the lowest ionization potential; another, in the 
region 1200-1266 A, converging to 10-3 eV; and two series converging to 11.56 eV. 
The three ionization limits are interpreted as corresponding to removal of an electron 
from the outermost filled tt orbital (of species a 2 ), from the nitrogen lone-pair orbital 
(of species aj), and from the second tt orbital (of species 61 ) respectively. 

C5H4O2 ( 2 -fiirfuraldehyde). The spectrum of the aldehyde of furan is interest- 
ing because it shows, in addition to absorptions very similar to those of furan, a strong 
absorption in the near ultraviolet (2780-2460 A) which must be ascribed to the aldehyde 
group even though it is considerably shifted to the ultraviolet compared to other 
al«fohy(fes^^. This ali^rption has been studied by several investigators, most recently 

Btmd (1066| mistakenly thought he had observed such a transition, but his bands were 
Aown by Breafcy (146) to be due to pyrazine present as an impurity. 

WaHi (1261 ) ©onaWers it to he the analogue of tl» extremely weak and doubtful absorp- 
tion of ftwa® in 2800-2500 A. ' The mornaouB dififerenoe in intensity mak^ this 

interiw^Mon rather unlikely. 
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by Santhamma (1097). The absorption bands are quite sharp to about 2600 A but 
then become more and more diffuse. A tentative vibrational analysis has been given 
by Santhamma, but since there are 19 totally symmetric vibrations (i.e., vibrations 
that are symmetric with respect to the plane of the molecule, the only element of 
symmetry), a definite assignment is hardly possible. 

At longer wavelengths there is an extremely weak system of diffuse bands extending 
from 3700 to 3300 A. At shorter wavelengths, according to Walsh (1261), there is an 
almost continuous absorption from 2000 to 1700 A with a maximum at 1800 A and a 
number of overlapping diffuse bands on the longward side. This absorption probably 
corresponds to a combination of the A-X and B—X bands of furan. Two excited 
state frequencies, 887 and 230 cm"^, have been recognized among the diffuse bands. 

Following a short gap at 1700 A, strong diffuse absorption bands begin at 1600 A 
and continue up to the limit of observation (1100 A). Presumably this absorption 
corresponds to the superposition of a large number of Rydberg series, but no specific 
ones have been identified. Probably the ionization potential is in the neighborhood 
of that of furan. 

Data for a few other eleven-atomic molecules are included in Table 81. 


10. Twelve- Atomic Molecules 

GHsC^C — C^CCHa (dimethyldiacetylene). The absorption spectrum of 
dimethyldiacetylene has been studied by Price and Walsh (1029). The vapor is 
transparent to about 2050 A. Here a system of discrete absorption bands starts. 
The vibrational structure is not at all clear except that a few of the more prominent 
bands are separated by about 2500 cm"^. Possibly there are twn (or even three) 
electronic transitions superimposed. At 1670 A an extremely strong progression of 
bands starts, again with a (somewhat irregular) spacing of about 2500 cm"^. Such a 
frequency seems much too low for a C — H stretching vibration but is rather high for a 
C=C stretching vibration which is 2264 cm" ^ m the ground state. The first two bands 
of the progression are the strongest bands of the spectrum. At somewhat higher 
pressure many additional bands of this band system appear which have not been 
classified. This system is at nearly the same wavelengths as the strongest system of 
diacetylene (C <~X of Table 74). It is followed by other systems similar to the Rydberg 
series of diacetylene, but the series are not as well developed, and no precise value for 
the first ionization potential can be given; it is likely to be slightly smaller than that 
of diacetylene. There is, however, starting at 1270 A, a second Rydberg series which 
is more clearly defined than in diacetylene and leads to a second ionization limit 
of 11.51 eV. 

GgHg (benzene). The strong ultraviolet absorption system of benzene vapor 
near 2600 A has been known since the early days of spectroscopy. Because of the 
great sharpness of the absorption bands and the obvious regularity in their coarse 
structure, this system has stimulated the curiosity of many investigators, and in the 
course of time spectra of higher and higher resolution have been obtained and more and 
more details have been studied and explained. Historically, these bands presented the 
first extensive and clear-cut example of an electronic transition forbidden by the 
symmetry selection rules and of an application of the vibronic selection rules (see 
Chap, n, section 2b(jS)). 

In the previous Fig. 70 spectrograms showing the absorption bands of CgHg and 
CgDg are reproduced. The most prominent feature is a progression of bands in a 
frequency 925 cm"^ for CgHg and in a frequency 879 cm for CgD©. The smallness 
of the isotope shift indicates that this frequency corresponds to a vibration of the Cg 
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ring, and according to the selection rules, unless the symmetry in the excited state 
ivere reduced, it must be a vibration symmetric with respect to all symmetry elements 
point group The only vibration of this type is the symmetric breathing 

vibration V 2 which, in the ground state, has the frequencies 995 and 946 cm~^ for CeHe 
and CgBe respectively^^. The fact that the bands are shaded to the red shows that in 
the excited state the Ce hexagon is slightly larger than in the ground state and therefore, 
on the basis of the Franck-Condon principle, we expect a fairly long progression in the 
vibration V 2 in agreement with observation. 

At the longward side of the first strong group of bands, as shown by Fig. 70, there 
is a very weak group which is clearly a group of hot bands, as was indeed confirmed by 
investigations of the effect of temperature on these bands by Radle and Beck (1037). 
However, the separation of the principal hot band from the first main band, which is 
1130 cm" ^ for CeHe, should be equal to the value of V 2 in the ground state, or, if benzene 
were not symmetrical in the excited state, to some other ground state fundamental. 
No such frequency exists in the ground state^^. The explanation for this apparent 
discrepancy was first given by Sponer, Nordheim, Sklar and Teller (1152). It lies in the 
fact that the 2600 A bands represent a forbidden electronic transition made allowed by 
interaction between the electronic motion in the excited state and a non-totally 
symmetric vibration, say In such a case, as we have seen in Chapter II, p. 177f, the 
0 — 0 band of the system is rigorously forbidden and the main bands go to levels in all 
of which Va is singly excited, in addition to the excitation of the totally symmetrical 
vibrations by 0, 1 or more quanta. As a consequence, the 0—1 hot band in the anti- 
symmetric vibration which is now vibronically allowed is separated from the first main 
band 1 — 0 by vi + vj (see Fig. 69). 

The question is now to identify Vq. We know that vl must be appreciably less 
than 1130 cm“^ (it vrould be about J(1138) if there were not much difference between 
the force constants in the upper and lower state). Since for CgDg the corresponding 
figure is 1076 cm " it follows that Va must be a ring vibration (not a vibration involving 
considerable motion of the H atoms). These arguments lead to the two vibrations 
or ^ol, II, p. 364f) of which the former has the well-established value 

608.0 cm“^, while the latter (an inactive fundamental) has the somewhat uncertain 
value 1010 cm The most reasonable assignment is vj = 3(625) == 608.0 cm" ^ 

and therefore Va = 522 cm"^. If the latter value is correct, the 0 — 0 band which is 
rigorously forbidden would be 522 cm~^ longward from the first main band, i.e., at 
38086 cm~^. A striking confirmation of this conclusion is supplied by spectra of 
solid CgHg obtained many years ago by Kjronenberger (698) at the temperature of 
liquid hydrogen ( — 259°C). Here all hot bands are eliminated, but a very weak band 
appears long^iwd of the first main band at a separation of about 520 cm" This must 
be the 0 — 0 band which because of the effect of crystal fields is no longer strictly 
forbidden. 

Knowing now the species of the vibration which causes the forbidden transition to 
appear, viz., e 2 g, we can use the previous relations (II, 37) and (U, 39) to determine the 
8peci(^ of the excited electronic state. Since it is not immediately obvious from the 
band structure whether the bands are jj or J_ bands, we consider both alternatives. 
The species of the dipole moment is Azu or E^j^ respectively (see Table 51, p. 566, or 
Table 55 of Vol. H). Therefore, the excited electronic state must have species Ezu 

The only other totally symmetric vibration is the syzametrical C — vibration which 
in the pmmd state has the fr^uencies 3073 and 2292 cm"^ for CgHg and CgDe respectively. 
Evm witlKwfc a knowledge of the CgD® spectrom, one would have been justified to conclude 
that 925 of the cesMted state eoiTea{)cmd3 to not vj. 

Th» argument was not entirely ccg^t as loiig as not all fendamentals of CgHs were 
known. 
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or or B2u- Either of the last two alternatives is compatible with observation if 
the main bands are _L bands. It is easy to check that in forbidden E2u — Aig or 

— or B2u-~Aig electronic transitions, when an e2g vibration is singly excited in 
the upper or lower state, vibronic transitions with an allowed dipole component, either 
J.2U or are indeed obtained. 

Kecent work by Callomon, Dunn and Mills (176) on the partially resolved rotational 
structure has shown that the bands are J_ bands. This observation removes the 
possibility that the electronic transition is ^E2u — ^A-^g, but it is almost impossible to 
decide between ^Biu — '^A-^g and ^B2u — ^^15 from the rotational or vibrational structure 
alone However, a decision is possible on the basis of molecular orbital theory: 
As we have seen in Chapter III, p. 350, the first excited configuration {cL2u)H^igT{^2u) 
of the 77 electrons of benzene gives the three singlet states ^Bi^, and A 

more detailed calculation, first by Goeppert-Mayer and Sklar (427) and later refined 
by several authors, most recently Parr, Craig and Ross (965), has shown that of the 
three singlet states ^B2u lies lowest and highest. Indeed, a theoretical energy 
value of 4.4 eV is obtained for ^B2u which compares well with the observed energy of 
4.9 eV. On the other hand, the ^B-^^ state is predicted to lie at 9.0 eV. There can 
therefore be little doubt that the 2600 A system of CeHe represents the predicted 
(forbidden) electronic transition. The valence-bond method also gives 

directly ^B2u as the first excited singlet state. It corresponds essentially to the out- 
of-phase overlap of the two Kekule structures (see p. 373). 

Thus far we have only considered the main bands. Most of the remaining bands 
have been assigned, in accordance with the selection rules, by Sponer, Nordheim, Sklar 
and Teller (1152) and Garforth and Ingold (404) for CeHe and by Sponer (1147) and 
Garforth and Ingold (405) for CeDg. Without going into details, it is perhaps of interest 
to mention a few of the more important assignments. As can be seen in Fig. 70 each 
one of the main bands is accompanied by a group of weaker bands at the longward side. 
It is clear that these bands must belong to sequences in the \’arious vibrations which 
can be thermally excited at room temperature. The closest of these hot bands is 
separated by only 86 cm”^ from the main band. This is just the difference between 
vxs{e2g) in the upper and low^er state (v^s ~ »'i8 = b08 — 522 = 86 cm“^), and these 
bands are therefore 2 — 1 bands in vie, the main bands being 1 — 0 bands in this vibration. 
The third band of the group, the strongest next to the main band, is separated by 
162 cm “ ^ from the main band. It was first shown by Kistiakowsky and Solomon (674) 
by a study of the effect of temperature on the relative intensities of these bands, that 
this hot band corresponds to the 1 — 1 band in the lowest frequency fundamental 
V 2 o(^ 2 u) of CeHg which in the ground state has the frequency 399 cm'^ and therefore in 
the excited state 237 cm" The 2-2 and 3 — 3 bands of this sequence have also been 
observed with the same drop in intensity as between 0 — 0 and 1 — 1. The rather large 
reduction of V20 in going from the ground to the excited state is reasonable because this 
is a ring bending vibration (see Vol. II, p. 118) which would be very sensitive to an 
excitation of the tt electrons. 

In principle, any one of the four fundamentals of species 62^ could cause the 
forbidden — ^-^ig electronic transition to appear. However, only the carbon ring 

Only if weak bands with a jj structure were found in addition to the main _L bands 
would a decision be possible since a | component of the dipole moment can arise only in a 
^Biy^—'^Aig transition through vibronic interaction with a 623 vibration. A | component of a 
^ Rati Iff transition would require vibronic interaction with a big vibration of which there 
are none in CeHe- Albrecht and Simpson (56) by polarized absorption in a crystal of para- 
dimethoxybenzene have obtained the direction of the transition moment in the analogue of the 
2600 A benzene absorption. It is in accord wilh the assumption that in benzene the tranation 
is — 
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vibrations are likely to do it strongly as does Vis(e 2 g)* The only other carbon ring 
vibration of this type is Vi 6 (® 29 )* 1 — 0 bands in this vibration, if present at all, are at 

least 20 times weaker than the 1 - 0 bands in [Bands previously assigned as 1 - 0 
in Vie by Sponer et al. (1152) and Garforth and Ingold (404) were shown by Callomon, 
Dunn and Mills (176) to have rotational contours incompatible with such an assign- 
ment.] In the ground state the level vie is in almost exact Fermi resonance with 
V 2 + J'ls; transitions from these two levels have been observed but give little informa- 
tion about the importance of vie ibr the vibronic interaction between the electronic 
state and higher states. Theoretical considerations by Craig (251) predict that 
Vie is much less important than viq. 

Excellent confirmation of the analysis comes from a study of the fluorescence 
spectrum of benzene (see Sponer, Nordheim, Sklar and Teller (1152) and Garforth and 
Ingold (404)(405)). Unless the fluorescence is observed at extremely low pressure one 
finds a spectrum that is essentially the same for all methods of excitation. Most of the 
spectrum is longward of the main absorption bands. Progressions in the frequency 
995 cm"^, the “breathing” vibration of the groimd state, are most prominent, starting 
from the band 0 — vje and from a few other bands observed in absorption, including one 
from the first main absorption band vis — 0. Each of these bands is again accompanied 
by sequences. While collisions have a tendency to bring all molecules to thermal 
vibrational equilibrium in the excited state before emission, clearly some molecules 
radiate before all vibrational energy is removed. Up to two quanta of vis, five quanta 
of V 20 and one quantum of V 2 have been identified [Garforth and Ingold (404)]. 

In addition to the main system of absorption bands of benzene there is at longer 
wavelengths, near 3400 A, an exceedingly weak absorption first observed by Sklar 
(1138) in an absorbing path of 20 cm of liquid CeHe. The ratio of the intensity of this 
absorption to that of the main system was of the order 10 From the first excited 
electron configuration {ci 2 u)^{^ig)^^ 2 u three triplet states ^B 2 u and ^Ei^ arise of 

which a more detailed calculation [see Parr, Craig and Ross (965)] shows to lie 
lowest, well below the ^B 2 u state Sklar (1138) had predicted this state from a 
valence-bond treatment, and this caused him to look for it and to identify the very 
weak absorption that he found with the ^Biu—^Aig transition. A more detailed 
discussion of the identification of this transition has recently been given by Albrecht 
(54). Absorption curves of liquid CgHe in the 3400-2600 A region have been published 
by Lewis and Kasha (742) and Pitts (987). 

Lewis and Kasha (741) had earlier established that in benzene, as in many other 
molecules, the lowest triplet state is responsible for the phosphorescence observed in a 
rigid matrix at low temperature. Indeed, it appears that the most longward absorption 
band of the liquid agrees approximately with the most shortward phosphorescence 
band of the solid glass. The phosphorescence spectrum has a rather different appear- 
ance when observed in different matrices, presumably because in different crystal 
fields the symmetry selection rules are different. This is strikingly illustrated if one 
compares the spectrum obtained by Shull (1128) in EPA (a mixture of ether, isopentane 
and ethyl alcohol) with those obtained by Robinson (1076) in a krypton and an argon 
matrix. There can, however, be little doubt that the 0 — 0 band (at 29470 cm“^) 
occurs only because of crystal pertTirbations and that the transition is forbidden not 
only by the spin rule but also by symmetry, and that it appears because of vibronic 
interactions just like the 2600 A system. A vibrational analysis of the phosphorescence 
spectrum has been given by ShuU (1128), Robinson (1076) and Leach and Lopez- 
Delgado (731a). Considering the crystal perturbations, the observed vibrational 


Tte ® to I» well ^ybov© the states Contrary to the usual 

behavior of ©orre^XModing singifet and states. 
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transitions are quite compatible with a transition [see Craig (251), Mizu- 

shima and Koide (863) and Albrecht (54)]. 

The — X ^Aig bands of benzene have not yet been observed in the free 

molecule. Evans (363) (364) and Craig, Hollas and King (252) showed that even its 
observation in the liquid depends on the presence of traces of oxygen. Evans (365) 
did observe the transition in benzene vapor in the presence of high pressures of 
oxygen (130 atm) with a path length of only 5.2 cm, whereas Craig, Hollas and King 
(252) were unable to detect it in 22.5 m of carefully purified and de-oxygenated liquid 
benzene. Quite recently King and Pinnington (669a) have observed the a — X transi- 
tion in CeH© vapor mixed with oxygen at pressures as low as 1 atm by using path 
lengths up to 440 m. Although, as already mentioned, the a — X transition is generally 
considered to be both spin and symmetry forbidden, in the gas spectra induced by 
oxygen the 0 — 0 band does occur. King and Pinnington on this basis suggest that in 
the a state the symmetry is lowered to D^h and that therefore the 0-0 band is allowed. 
A distorted {D 2 h) equilibrium conformation in the d state is also suggested by de Groot 
and van der Waals (450) on the basis of the electron-spin resonance spectrum in rigid 
matrices and has been predicted theoretically by Liehr (747a). 

Three mechanisms have been invoked to account for the enhancement of the 
d — X bands by oxygen. Evans attributed it to the magnetic field of the paramagnetic 
additive (NO is also effective) but Tsubomura and Mulliken (1226) showed that this 
effect was negligibly small. Indeed, the addition of oxygen has no enhancing effect on 
the d — X transition of C 2 N 2 which occurs in a similar region (Callomon, impublished). 
Hoijting (562) instead invokes purely covalent exchange interactions and suggests that 
it is the mixing of the two triplet states of the O 2 — CgHg complex, one from and 
one from ^^ 2 ^, that causes the effect. This interpretation is in turn rejected by 
Murrell (920a) who, as did Tsubomura and Mulliken, prefers a charge -transfer mech- 
anism involving ionic structures of the complex (see p. 426f.). Further studies are 
needed before this question can be definitely answered. 

The life-time of the free CsHg molecule in the ^B-^^ state has been determined in- 
directly by Lim (751) to be 28 ± 4 sec. It is 16 sec in an argon matrix [Wright, 
Frosch and Robinson (1322)]^®. On the other hand, the absence of the d — X transition 
in the experiments of Craig, Hollas and King (252), mentioned earlier, indicates a lower 
limit of 300 sec. However, it must be noted that Craig, Hollas and King were unable 
to observe the spectrum beyond 29410 cm"^, and therefore their limit to the life-time 
refers to the 0 — 0 band which would be vibronically forbidden if the electronic transition 
is ^Biu — '^Aig of 

Shibata, Kushida and Mori (1123) have reported an absorption in Liquid benzene 
at still longer wavelengths, but this has up to now not been confirmed. The problem 
of locating the second excited triplet state {^E-^u) has been discussed by Platt (992). 

On the shortward side of the 2600 A system, strong absorption (stronger by about 
a factor 10) starts at 2050 A. First observed by Scheibe, Povenz and Linstrom (1102), 
it has later been studied by a number of investigators. We reproduce in Fig. 201 the 
absorption curve of Pickett, Muntz and McPherson (981). An instructive spectrogram 
has been given by Price and Walsh (1031). As can be seen from Fig. 201, there are in 
the region 2050-1700 A at least two electronic transitions: a system of very diffuse 
bands between 2050 and 1850 A and an extremely strong broad absorption with a few 
sharp peaks and an underlying continumn. While in the first system a progression in 
a frequency of about 900 cm“^ can be clearly recognized, the diffuse nature of the 
bands prevents a more detailed analysis [see, however, Dunn and Ingold (327)]. The 

This life-time may be compared with 0.59 gsec determiiied by Donovan and Duncan 
(289a) as the life-time of the ^B 2 u state. 
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same applies to tb.© secoixd system at 1800 A. One is therefore dependent on theoretical 
arguments for the correct assignment of these electronic transitions. 

It is generally assumed that these two transitions must arise by simple excitation 
of one of the six -jt electrons into one of the two (anti -bonding) tt orbitals that are vacant 
in the groimd state, viz., e^u and The only allowed transition arising in this way 



Fig. 201. Absorption curve of GqHs in the region 2050 to 1700 A after Pickett, 
Muntz and McPherson (981). 

is that to the state of the configuration [a 2 u)H^ig)'^^zu (see p. 350). The 1800 A 
system is generally ascribed to this transition [see Nordheim, Sponer and Teller (939)]. 
It would then seem most plausible to assign the 2000 A system to a transition to the 
state which arises from the same configuration as and (see Fig. 141). How- 
ever, calculations of the energies of the various states resulting from the tt electrons 
suggest the possibility that, instead, the 2000 A band may be due to a transition to the 
'^E 2 g State of the configuration Arguments aimed at a decision between 

the two assignments, '^Bxv, or ^E 2 g, may be found in the papers by Dunn and Ingold 
(327), Parr, Craig and Ross (965) and Murrell and Pople (921). 

Price and Walsh (1031) have emphasized that the strong 1800 A system would fit 
in very well as the first member of one of the Rydberg series (see below) particularly 
anee the observe vibrational structure is similar to that of the other members of this 
Rydberg It appears very probable that both transitions, the Rydberg transition 

and the w electron, transiiion, are overlapping at 1800 A, and more particularly that the 
sharp fwtures near 1800 A belong to the Rydberg transition. This is also assumed by 
Wilkinson 11200) in his dbtailed analysis erf the vacuum ultraviolet spectrum of CgHg 
andcy>e. 

BAwr IWO A 8ae aewtet Rydtseilg observed by 'Price and 
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Wood (1032), which converge to the first ionization potential 9.247 eV (see Table 82). 
Wilkinson (1299), who has reinvestigated the spectrum under high resolution, gives 
four such series. Many of the members of the Bydberg series show vibrational 
structure- Two progressions are prominent, one in a frequency of about 970, and 
another in a frequency of about 690 cm"^, both with a large anharmonicity. The 
former frequency is clearly V 2 , the breathing vibration (995 cm“^ in the ground state), 
but the second frequency is not as readily identified since the only other totally sym- 
metric vibration is the C — H stretching vibration which can hardly be as low as 690 
cm"^. Unless one wanted to assume that the symmetry in all the Rydberg states is 
lower than in the groimd state, one must assume that the 690 cm“ ^ progression is made 
possible by vibronic interactions in the excited states in a "way very similar to the 1 — 0 
bands in the degenerate vibrations observed for CH 3 I and CF 3 I (see pp. 528 and 532). 
The upper electronic states of the Bydberg transitions must be either ^ 2 u or 
Those that are Ei^ will have Jahn-Teller interaction, and therefore in them the 1 — 0, 
as well as the 2 — 0, and 3 — 0 transitions in vibrations of species egg can appear weakly. 
This explanation was suggested by Liehr and Mofdtt (748). The egg vibration is taken 
by them to be viq which in the ground state has the frequency 608 cm“^. However, 
the vibration responsible may also be ^ 17 ( 62 ^) which in the ground state is 1178 cm"^. 
A fairly large Jahn-Teller interaction may also account for the large apparent 
anharmonicity in these progressions, in the way illustrated by Fig. 22. 

Wilkinson (1299) had thought that the spacing 690 cm" ^ in the Bydberg transitions 
corresponds to 2 ^ 13 ( 625 ) and that observation of a progression in 2 j/ig establishes the 
presence of Jahn-Teller interaction. Actually, vibrational transitions with Ai'ia = 
±2, ± 4, . . . could occur weakly even without vibronic interaction if there is a large 
change of vibrational frequency in going to the excited state (see p. 152). Such an 
explanation would be necessary if it could be shown that the Rydberg states showing 
these 690 cm"^ progressions are ^A 2 u rather than ^Eiy, electronic states since h 42 u is not 
subject to Jahn-Teller interaction. 

The example just discussed illustrates the difficulty of establishing the presence of 
Jahn-Teller interaction. A decision could be reached if the 0—1 band in viq were 
observed, or if the Jahn-Teller splitting in the 1 — 1 band could be found, or if the 
rotational structure could be resolved. 

Near the first ionization limit there are two strong absorption bands (at 1342.5 
and 1341.5 A) which are followed by further bands at shorter wavelengths forming two 
Bydberg series with a common limit at 11.48g eV. El-Sayed, Kasha and Tanaka (350) 
have assigned this limit to ionization from the a2u orbital of the tt electrons. A further 
Rydberg series was observed by the same authors in the region 850 to 700 A with a 
limit at 16.84 eV. Since the first members of this series show fairly long progressions 
in a frequency 960 cm~^, which is in all probability V 2 > the limit is assigned to the 
removal of a cr electron of the Cq ring. 

(CH 3 G 0)2 (biacetyl). The absorption spectrum of biacetyl is similar to that of 
glyoxal (in which the two methyl groups are replaced by H atoms). The absorption 
spectrum in the visible and near ultraviolet was first studied by Henri (20) and his 
students Lardy (726) and Light (750). In the region 4700-4000 A there is an extensive 
system of fairly sharp red-shaded absorption bands. This system is clearly the analogue 
of the A— ^ system of glyoxal. There are six band groups separated by intervals 
1060 and 620 cm"^ which must be assigned as upper state vibrational frequencies. At 
higher pressure a continuous absorption joins on which extends to 3500 A. A second 
region of absorption, entirely continuous, extends from 2800 to 2200 A and corresponds 
presumably to the transition of glyoxal. 

The vacuum ultraviolet absorption of biaoetyl has been studied by EUs (354). 
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Two systems of discrete bands were found, one extending from 2000 to 1880 A, the other 
from 1750 to 1650 A. A frequency difference of 1220 cm"^ is prominent in the first 
system and one of 1350 cm “ ^ in the second. There appears to be continuous absorption 
at shorter wavelengths, but the spectrum has not been studied below 1550 A. 

Biacetyl vapor shows an interesting fluorescence studied by a number of inves- 
tigators [see, for example, Almy, Fuller and Kinzer (64)]. The spectrum of the fluores- 
cence is independent of the wavelength of the exciting radiation (A4358, 4047 or 
3650 A). It extends from 5000 to 6200 A consisting of a number of discrete bands. 
No vibrational analysis of this spectrum has yet been made. The life-time of the 
fluorescence measured directly by a phosphoroscope is 1.6 x 10~^ sec [Almy and 
Anderson (63)] while the life-time of the A state, as obtained from the integrated 
absorption coefficient, is 1 0 " ® sec. It has therefore been concluded that the upper state 
of the fluorescence is not the A state but another state, d, which is probably a triplet 
state. 

The mechanism of the fluorescence has been studied by several authors [in addition 
to the papers quoted, see Noyes and Henriques (943) (944), Almy and Gillette (65), 
Kaskan and Duncan (660) and Coward and Noyes (247)]. It is noteworthy that the 
fluorescence can be excited not only by radiation in the discrete region (A4358 and 4047), 
but also by radiation in the region of continuous absorption {A3650 A). However, 
while in the former region the quantum yield of fluorescence is independent of pressure 
and has a value of 0.145 at 27°C, in the latter region it is zero at zero pressure but rises 
quickly with pressure to almost the same value as at longer wavelengths. One must 
assume that the region of continuous absorption is really a region of strong predissocia- 
tion and that at high pressure, collisions bring the molecules dovm to stable levels of 
the A state before they have had time to undergo radiationless decomposition. In the 
discrete region of the A state, a radiationless transition to the d state (internal con- 
version) may take place for those vibrational levels which perturb each other in a way 
entirely similar to that responsible for extra lines in perturbations (see pp. 291 and 292 
, of Yol. I). Following such a “transition” the molecule is brought down by collisions 
! to the lowest vibrational level of the d state before fluorescence takes place. In 
addition to the green fluorescence discussed so far, a blue fluorescence is mentioned by 
Coward and Noyes (247) which may correspond to the direct transition A — X. 

It may be noted that the fluorescence of acetone, acetaldehyde and other ketones 
is found to be identical with that of biacetyl [see Matheson and Zabor (800)], and is now 
generally ascribed to biacetyl formed in the photolysis of these compounds. 

Other twelve -atomic molecules. The ultraviolet absorption spectra of a large 
number of halogen -substituted benzenes have been studied by various investigators, 
but very little work has been done in the vacuum ultraviolet; only CeHsCl, CeHsBr, 
CeHsI and CeH^C^ have been studied in this region by Price and Walsh (1031). On 
the whole, the absorption spectra of these substituted benzenes are very similar to that 
of benzene with minor shifts and relatively small changes of intensity in spite of the 
much lower symmetry of most of these molecules, for which the 2600 A transition is no 
longer forbidden. This observation confirms the conclusion that the absorption near 
2600 A is entirely determined by the tt electrons of the Cg ring and that these are very 
little affected by the substitution. It is interesting to note that in the (unsym- 
metrically) substituted benzene the 0 — 0 band which is absent in benzene does appear. 
A genejFai d^ussion of substituted benzenes may be found in Sponer and Teller (1155). 
In Tahfe S2 reference to work on individual halogen-substituted benzenes are included 
as well as lor a few oitlMr twelve-atomic molecules. 
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SPECIES AND CHARACTERS OF THE 
EXTENDED POINT GROUPS 

In the following Tables the symbols and numbers to the left of and above the 
broken lines refer to the standard point groups (see Vol. II, pp. 105-123). Below 
and to the right of the broken lines are the species and characters of the corre- 
sponding extended point groups (see p. 15f). For these point groups the order of 
classes of planes of symmetry and of two-fold axes is double that shown which refers 
to the ordinary point groups. The designation sep. indicates separably degenerate 
species (see Vol. II, p. 99). The symmetry element R is the artificial one dis- 
cussed on p. 15. To the right in each Table the translations and rotations 
belonging to the particular species are given. For some point groups (say P) 
with a center of inversion, the character tables are not given explicitly but can be 
immediately derived from those of the corresponding groups (Q) without a center 
of inversion by replacing each species by two: one symmetric (g), the other anti- 
symmetric {u) with respect to the center. This relation is expressed by the 
symbolic equations P = Q xC^. 

Table 48 

POINT GROUPS Cl, Ca, C3, C, 


Cl 

I 

R 

C 2 

I Cziz) i B 


A 

1 

1 

T,R A 

1 1 i 1 


— 

— 1- 

B 

1-11 

Ty, Ry,, Ry 

Bi 

1 

-1 


1 

2 0 [ -2 

sep. 


C3 

1 

203 1 

R 

2032 


A 

1 

1 ! 

1 

1 

Tg, Bz 

E 

2 

-1 

2 

— 1 sep. 

T^, Ty, Ry,, Ry 


2 


-2 

— 1 sep. 


Bi 

1 

-1 1 

~1 

1 



c. 

I a{xy) j R 

c, 

I i j i? iR 



1 111 1 
1-11 1-1 

1- 

1 11-1-1 

1 -1 1 -1 1 

1 

Rx9 Ryi Bz 
Ty, Tz 

A' 

A" 

1 1 1 1 

1 - 1 1 1 

2 0}-2’ 

Ty, Ty, Ry 

Ty, Ry, By fl_ 

Bi, 
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Table 49 


POINT GROUPS C2A AND 



/ 

C 2 

<^h 

i 1 

R 

iR 



1 

1 

1 

1 1 

1 

1 


A„ 

1 

1 

-1 

-1 1 

1 

-1 

T, 


1 

-1 

-1 

1 1 

1 

1 

Rx, Ry 


1 

^1 

1 

-1 1 

1 

-1 

T:r. Ty 


2 

0 

0 

2 1 

-2 

-2 

sep. 


2 

0 

0 

-2 1 

1 

-2 

2 

sep. 


^3H 

I 

2(73 

CTfl 

2Sa i 

R 

203= 

2S3® 


A' 

1 

1 

1 

1 1 

1 

1 

1 


A'^ 

1 

1 

_1 

-1 1 

1 

1 


T, 

B' 

2 

^1 

2 

-1 1 

2 

-1 

-1 

sep. Ta;, Ty 

E" 

2 

-1 

-2 

1 ! 

2 

-1 

1 

sep. R^, Ry 

— 

— 

— 

— 

‘ — 1 — 

— 

— 

— 


Ei 

2 

1 

0 

V 3 ! 

-2 

-1 

-Vs 

sep. 

Ei 

2 

-2 

0 

0 

-2 

2 

0 

sep. 

Ei 

2 

1 

0 

-V 3 i 

1 

-2 

-1 

Vs 

sep. 


Table 60 


POINT GROUPS Dg, Q,, Dg, Cg^, Dg^; D 4 , Q,, D 2 d( = Ud), 


^ 2 v 

I 

1 

0^(2) 

0^(2) 

<j„{xz) 

Czix) 1 

CTviyz) 

R 

R 


A Ai 

1 

1 

1 

1 ! 

1 

Ts for Czv 

Bx A2 1 

1 

1 

-1 

-1 

1 

for O 2 ; Rz 

B2 Bx 

1 

~1 

1 

-1 

1 

Ty, Ry for Da; Tx> By for Cav 

B^ B2 

1 

~1 

-1 

1 1 

1 

Txy Rx for I> 2 'y Ty, jKx for Cau 

— 

— 


— 


— 


Ei E^ 

2 

0 

0 

^”o"r 

1 

-2 



Dsa = D 2 X Ci (see VoL II, p. 108) 


i >3 

^ 3 tJ 

I 

I 

203 

2 Cq 

3<72 i 
Sor^ I 

R 

R 

2O32 

2(732 



1 

1 

1 } 

1 

1 

Tg for Cao 

A2 

1 

1 

-1 

1 

1 

Te for D3; 

M 

2 

-1 

0 

2 

-1 

Tx^yl B^^y 


2 

1 

“oT-i' 

-1 


E§ 

' 2 

-2 

0, 

f 

-2 

2 

sep. 


Dlaut' “ < 1 ^ 3 ' X ^ C*g Ise© VcA. U, P« 116 ) 
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Table 50 {Continued) 


^2d 

I 

I 

I 

204(2) 

204(2) 

28,(z) 

04^ 

04^ 

111 III 111 

O Q o 

2 O 2 

2 G 2 

20 ^ 

2 o’d 

20-4 

R 

R 

R 

2043 

2(74^ 

2S^^ 


A, 

1 

1 


1 

1 

1 

1 

1 

T^ for C 4 „ 

A^ 

1 

1 


1 

~1 

-I 

1 

1 

Tg for D 4 ; R^ 


1 

-1 


1 

1 

-1 

1 

-1 


B2 

1 

-1 


1 

-1 

1 1 

1 

-1 

Tg, for X) 2 d 

E 

2 

0 


-2 

0 

0 1 

2 

0 

T • 7? 

x,t/» ■‘•’'ar.y 

Ei 

2 

+ VI 


0 

0 

^ 1 

-2 

— V 2 


E^ 

2 

- V 2 


0 

0 

0 

-2 

+ V 2 



X Ci (see Vol. II, p. 117) 


Table 51 


POINT 

GROUPS 

U 5 , Csy, D 

SdJ ^ 6 j 

^6v> 

^3h> ^6h‘^ 

i> 8 , C 8 „, D44( 

= '^ 8 u)> 

05 

I 

2 C 5 

2C,^ 

50^ i 

R 

2Cs^ 

2(75^ 


Csu 

I 

2 C 5 

aCg" 

SoTJ 

R 

2C,^ 

2053 



1 

1 

1 

+ 1 I 

1 

1 

1 

Tg for Cgy 

J.2 

1 

1 

1 

-1 

1 

1 

1 

Tg for D 5 ; R^ 


2 — 

1 + Vs 

2 

-1 - Vs 

2 

0 1 

1 

2 

- 1 + Vs 
2 

- 1 - VS 

2 

T..y, i?x.„ 


2 ~ 

1 - Vs 

-1 + Vs 

0 j 

1 

2 

- 1 - Vs 

-1 + VS 



2 

2 


2 

2 


-Ei 

2 1 

+ V 5 

2 

-1 + Vs 

2 

"1 

0 1 

1 

-2 

- 1 - Vs 
2 

1 — V 5 

2 


Ei 

2 1 

- V 5 

-1 - Vs 

0 1 

1 

-2 

- 1 + Vs 

1 + Vs 




2 

2 


2 

2 


E& 

2 

-2 

2 

0 

-2 ' 

+ 2 

-2 

sep. 


X Ci 
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o ci q 

u u ^ 

,o ,o ^ 

5+-( 

_ Ri nj w H 


CNI CNI (?Q 


ooo 

<M <M 


^ ^ l©<l O |(N 

! I > > 


I rH I— I O Cvl O 


IM 

IM 

IM 

> 

> 

> 

1 

+ 

+ 

M 


M 


1 1 

1 

1 

^ pH i-H »-C IM O IM 

1 

1 

1 

IM 

> 

IM 

> 

IM 

> 

1 

1 

00 co^co 

iC OS55S 

1 1 > > 

1 

1 

+ 

M 

1 

M 

1 

M 




O b* b 

Ti< Ti< 


O bO 

^ Tj< ^ 


%<N%tN%0» 

COO 
111 III lit 

■Wl ^ 

CO 00 05 

O O SC 


CO CQ CO 

00 05 CO 

O O sq 

C<l C<l CM 


COO 

CM <M CM 

ill III tti 


OOCQ 
CM CM CM 


OOOQ 

CM <M CM 




I— C i-H r-l I— C MM CM 


rH f-l ^ O O O 

-11 + 


l'> 

Icil 


IM IM IM IM 

> > > > 

1 + + I 

IM 
> 
+ 

V V V 

1 1 

M M M M 

i t I I 
o o o o 


u 

X 


+ 1 + 1 


M M M 

1 + I 


p-l rH IM O IM 

I I > > 


< 1— I O M O 


< i-c I-C IM O |M 

I 1> > 


o o o o Q 


o o o o 


IM 

> 

I 

M 




IM IM IM IM 

1 1 


IM 
> 
+ 

V V V 

I I 


M M M M 


IM 

IM 

IM 

> 

> 

> 

+ 

I 

1 

M 

M 

M 


at — I T-i Hi C?i H M 00 I '-4«* •»(« 

qoQ I ^ i K| ^ Kj 
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Table 52 


POINT GROUPS I) CO, Cco„; D^f, 


Coov 

I 

I 

2 C& 

20 S. 

205=® 

201 “ 

20%“ 

201 “ 

00(72! 

OCOu 1 ^ 

1 - 

2 C%R 

2 CtR 



1 

1 

1 

1 

1 1 1 

1 

T, 

s- 

1 

1 

1 

1 

-1 i 1 

1 

Pz 

n 

+ 2 

2 cos (p 

2 cos 29) 

2 cos 39) 

0 i +2 

2 cos 9? 

T • R 

A 

+ 2 

2 cos 2 (p 

2 cos 2 • 2 (p 

2 cos 3-29) ... 

0 +2 

2 cos 29? ... 


CD 

+ 2 

2 cos 39? 

2 cos 2 • 39? 

2 cos 3 • 39? ... 

0 1 +2 

2 cos 393 ... 


El 

+ 2 

2 cos icp 

2 cos 95 

2 cos 3 • I9) 

0 1 -2 

- 2 cos i9 ... 


El 

+ 2 

2 cos I95 

2 cos 393 

2 cos 3 -f 9 ) ... 

0 j -2 

— 2 cos I93 


Ei 

+ 2 

2 cos I9) 

2 cos 5 <p 

2 cos 3 -f 9 ) 

0 1 ~2 
. . 1 . . 

1 

- 2 cos I93 ... 



= Coov X (see VoL II, p. 119) 


Table 53 

POINT GROUPS O, Ts 


0 

Ta 

a 

I 

I 

8C3 

8C3 

6(72 

6C4 

6/S'4 

3(742 = 3 ( 7 ^' 
3^4^ = 3 C 2 

1 

R 

R 

8C3= 

SCs^ 

6 ^ 4 = 


Ai 

Ti 

1 

1 

1 

1 

1 

1 

1 

1 


A2 

T, 

1 

1 

-1 

-1 

1 

1 

1 

-1 


E 

r. 

2 

-1 

0 

0 

2 

2 

-1 

0 


El (Ti) r* 

3 

0 

-1 

1 

-1 

3 

0 

1 

Ex.y,z 

E2 {T2) Ts 

3 

0 

1 

-1 

-1 

3 

0 

-1 

r,,,,,for T, 

E^ 

Te 

2 

1 

0 

V2 

0 

-2 

-1 

_ V2 


Ea 

Tr 

2 

1 

0 

- V2 

0 

-2 

-1 

vs 


Oi 

Ts 

4 

-1 

0 

0 


-4 

1 

0 



0^ = O X Ci (see VoL II, p. 123) 


Alternative species designations used by some authors. 
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P 

^02 

“9 

y 

M 

o 

p 


<N 



1 



o 

o 

pH C 

c 

> PH rH p- 

1 

1 

pH O 

05 



1 



CO 

|»J3 

no 

1 IXO 

80 


to 

o 

.H ■> 


PHO 1> 

-1 i"; 


F— 1 l-H 

05 J 

C5 

1 

+ 

+ 


fH 

1 rH 


pH 



80 i 

pH 

iw| 
05 ^ 

1 80 j 

1X0 ] 


o 

-.O >' 

05 1 1 

>1 
05 4-i 

05 1 

05 

+ 

1 


PH 





1 

1 





o 

lO 


o 

o 

Cl 


O 

CQ 


C 

GSI 


CO CO rjl o 


pH pH O r-l 

1 I 


ILO 

+ 


no 


Pi o 

^ I 


M O 
C^ J 


ca 

1 


05 '5i< CO 

i I I 


pH pH f— ( O 


05 I 05 


\lO 

,> 

I 


H '-I CO co-^iol 05 05-^0 


fisi 


fi? 

&8 

o 

8 


O 

X 


8 - 

05 


+ 

&.&. 

OQ 02 
O O . 
c o ; 

05 05 i 

+ + 


P 

O 

lO 

«s 

<5 0 
O 

H 

12; 

H 

o 

p 




0- 8- 
05 05 . 


05 05 

+ 4- 


&- 

8- 8'Co 
05 05 02 
02 CD O 

o o o 


05 


o o 

C5 05 
+ + " 

02 02 CD 

0 0 0 
o o o 
05 05 05 

+ + + 


qqP P 

II i i III 

O r 4 N es 

pppp 


8^8. 

lH|tfIH|<N 

M CD ; 

o o . 

0 o 

05 05 

1 I 


05 O 

I I 1 


CD 

O 

o 

05 

+ 

8- &> 
CO CD 

o o 
o o 


8 

«]« 

CD 

?-?-8 

CD CD 

o o , 
o o + 
05 05 

+ + 

888 

p4|eipH|6lfH|M 

00 02 CO 
0 0 0 
o o o 


iilil 

Hoi «(« aH 

PPP 
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Table 56 

SPECIES OF SPIN FUNCTIONS FOR THE MORE IMPORTANT POINT GROUPS 
For the groups in ( ) the subscripts g and u should be omitted. The number in front 

of the species indicates the number of times the species occurs. Note that the species and 
Pf do not occur singly but in pairs corresponding to Kjamers doublets. 


8 

Ci(Cx) 

C, 

^2h{^2) 

^2v 

^2h{^2) 

0 

A, 

A' 

A, 


A, 

i 

2 B^g 

Ei 

Ei, 

Bi 

Ei, 

1 

SAg 

A'+2A" 

A^+ 2 B^ 

A 2 + Bi + B 2 

Blg + B 2 g+ B 3 , 

I 

2 B^g + 2 B^g 

2 E. 

m. 

2 El_ 


2 

Ag + 2Ag + 2Ag 

dA'-\-2A" 

ZA,+2B, 

2Ai -f A 2 + Bi + B 2 

2Ag -]- Big + B 2 g -}■ B^g 

f 

25^^ + 2 B^g -f- 2 B^g 

m 


3F| 

SBig 


s 

C 3 

^3h 

^Qv 

I^sdl-Ds) 

E^3h 

0 

A 

A' 

Ai 

Alg 

Ai 

i 


E^ 

Ei 

Big 


1 

A-\-E 

A' + E" 

A 2 + E 

Azg + Eg 

A^ + E" 

3 

a 


E^ + E>^ 

Ei_ + E^ 

By + Eig 

El + Ei 

2 

A + 2^7" 

A'-^E'+E" 

Ai + 2E 

Alg-i 2Eg 

-j- E' -f- E" 

5 

2 

2Bi + 2E^ 

E^ + E^ + Ei 

2£7^ + ^l 

2Eig + Ey 

El + E^ 4 “ E^ 


S 


G 4 U, E>2d 



^5d(J^5> Osu) 


Ai 

^Ig 

Ai 


Ai 

Ei 


Bi 

Eh 

El 

^2 + -® 

A2g+Eg 

A2-\-Ei 

^2g + Eig 

A 2 4- El 

Ei+E^ 

E^g 4* E^g 

E^ + Ei 

Elg-^rE\g 

Ei + Ei 

+ Hi + H 2 + H 

Alg 4- Big 4- B2g + Eg 

Ai 4 -Hi 4 -H 2 

^lg + Eig + E2g 

Ai 4-Ei 4-H2 

jE7i. “1- 2E^ 


Ei^+Ef + Ei 

Eh + El g 4- E\g 

Hi4-Hf + 


8 

I^6/l(I^6> 0^6u) 

E cohi^ oov) 

0^{T,) 

4(1) 

KdK) 

0 

Alg 

S/ 

Alg 

A, 

Eog 

i 

Eh 

Sy 

Eh 

By 

Eh 

1 

A2g-¥Elg 

Sj +IIg 

Fig 


Elg 

f 

Hjg + Hfg 

H|g+H|g 

Oh 

Gy 

Eh 

2 

Alg4-Hlg4-H2g 

Tig +ngr + Ag 

Hg4'F2g 

H, 

E2g 

I 

Elg + Elg + Eh 

Elg-\’Eh + Eh 

Hfg + Gfg 

h. 

Eh 


“■Tlie character table for JDsfc (aot gjven in Appendix I) is isomorphic with that of J>io and has five double-valned species. 
The sin^e-valned speaes are ^ven in VoL n, p. 117. 
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Table 57 

DIRECT PRODUCTS OF REPRESENTATIONS (SPECIES) FOR 
ALL IMPORTANT POINT GROUPS 

Species to be omitted in the symmetrical product of a degenerate species with 
itself are put in square brackets. They represent the antisymmetric product. 


Cs Ci, (Cl) 



A' A" 

Ei 


Ag A-f^ 

Si, 

B,u 

A' 

A' A" 

Ei 

A, 

Ag A^ 

Sy 

^iu 

A" 

A' 

Ei 

[4'], A', A', A’ 

A, 

Si, 

Siu 

Ag 

Sy 

Ag 

Ay 

Ag 





Ax A2 

Si 

Sz 

Ei 


A 

E 

Si 

-Bf 

Ax 

Ai A2 

Bx 

B2 

Ei 

A 

A 

E 

Si 

-Bf 

A2 

■^1 

B2 

Bx 

Ei 

E 

[AI A, E 

Ely 




Ai 

A2 

Ei 

E^ 

\ 


[A], Ay E 

E 

B2 



Ax 

Ei 

Bi 




A 




[Ai], A2, -Bi, B2 








A Bx 

D2S (D2/1) 

B2 Bg 

c 

Si 


Ax Ag 

E 

Sts, S^av, (Dsff) 

Si 

c 

E% 

A 

A Bx 

Bg Bg 

Ei 

Ax 

Ax Ag 

E 

Si 

E^ 

Bx 

A 

Bg Bg 

Ei 

Ag 

Ax 

E 

Ei 

El 

B2 


A Bx 

Si 

E 

A 

It [A2], E El, Ef 

Bh Bi 

B3 


A 

Si 

Si 



[All, A25 E 

E,E 



[A], Bx, Bg, B 

3 



[Ai], A2, Ai, A, 


» Bor &is pwt g»op ff .Mmi « AtxM fee ©oitied. a^ese prafe fee SHfesa^ 1 and 2 should fee dropp^ 

®B«feese point gpCMps the be adjifid» feat is » x ^ x u^u,n x «== ^7. 

mo 
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Table 57 (Continued) 

^3ht i^3h)^ 



A{ 

A^ 


A^ 

E' 

E" 


El 

El 

Ai 

Ai 

Ai 

A1 

A^ 

E' 

E" 

E^- 

El 

El 

^2 



A 2 

Ai 

E' 

E" 

E\ 

El 

El 




A1 

A 2 

E" 

E' 

El 

El 

El 

A'i 




Ai 

E" 

E' 

El 

El 

El 

E' 





Ai,[A'2lE' 

A'i,AlE" 

El, El 

El, El 

. El, El 

E" 






Ai,[A'2],E' 

El, El 

Ey El 

El, El 

Ei 







[A'l], E" 

W, E" 

Al, Al E' 

Ei 








[Al\i ^ 2 j ^ 1 j -^2 

E', E" 

Ei 









{Ai\,A2,E^ 


D^, C4U, D2(if (D^jA ° 




■^2 

81 

82 

E 

Eh 

El 

•^1 


A2 

81 

82 

E 

El 

El 

^2 


Ai 

82 

8x 

E 

El 

E^ 

Bx 



Ax 

-^2 

E 

El 

b\ 

■82 





E 

Es. 

8j 

E 





[^2]j -SlJ E2 

Ei,% 

84, E\ 

84 






[j 4 i], A 2 t E 

81) 82, E 

El 







[Ai], A2, E 


I>5, C5„, (Ds,) 



Ax 

A2 

Ex 

82 

84 

8f 

El 

Ai 

Ai 

A2 

Ex 

82 

El 

El 

El 

A2 


Ax 

Ex 

82 

Ei 

El 

El 

Ex 


A 

[-^2]! E2 

81,82 

Ei,'Ei 

El, El 

El, El 

82 




-^1?[’^2]> -S'! 

El, El 

Ei,Ei 

Eh El 

84 






El, E2 

■®2> E2 

8| 






A2, E2 

El, El 

8f 






lAi], A2, Ai, A2 


I^3f Qvj i 




J.2 

81 

82 

81 

82 

84 

El 

El 

Ax 

-^1 

^2 

81 

^2 

Ex 

82 

84 

El 

8| 

A^ 



82 

81 

Ex 

82 

84 

El 

El 

81 




■^2 

82 

Ex 

El 

El 

El 

82 





82 

Ex 

El 

El 

El 

81 





[■^ 2 ]» -^2 

El, E2, El 

Eh El 

Eh El 

El, El 

82 






[-^2]? E2 

Eh El 

Eh El 

Eh El 

84 







[^l]t ^ 2 j -^1 

El, E2 

Bi, B2, E2 

84 








[Ai],A 2 ,Bi, B2 

El, E2 

8| 

i 









[■ 4 i], ^ 2 > El 
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1^5 r2 


o,.!^ &S5 fcj 

Kj Bq -5. j; Hr« 
KlfejBq 


.. Kj fc) 

6q Kj Bq ^ 

K) Kj BS) 


^ H. ^ 

Kj K} K} K) ^ 

fcjEtjK] r^ 
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Ki f^Eq 

Kj eq Bq 


eo n H H ei^ ""n 

B=}B=}&^BqEq 

-Eq^ 


0 O ^ r« CXI 

<a'-^ 


C9 W « 

Eq 


<! <1<}*^^W 


.-I H C5 « «S 

Eq Bjj Eq 5ei 


« r 4 « 


I 1 + 

w w w 


t-l <5*.^^^ ff ei es liijw «!■ H" 

^ 01 (*5 ^ ^ Ea Ea Ea Ba ^ 


wwi=l<ie 


[S+], s-.n n,A A, CD 

[s+], S-, ® n, r 

[S + ],S-,H 
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■H 
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^to^to toPto^S’to' 
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^ + + + + + + + 


d cs* 

„ „or«?ss 

KiCq^^H- + 

-f~ -1- ^ »Ht 

H — h ^ ^P3 oq 
I ,“1 r-r-t- at ct 

“•" ' CM C9 d COM^ *«tH 

CQ ftT"^ 3 ;s 


+ -4— ^ ‘ 'x ^ 

o. 3 ej> =* 

+ Hh + ‘+' + "^“ C3> » 

pqftqoqOqPqcqS^ca 
+ + + + '!l'!?+ + 

CB 3 o> » *T” "1" Cs, 3 

Dt Si i-H «-H •rjH CS) Si ■'CT' 


^ &q pq ftq 
Kj &q c<i _| f 

+ H 1-4- t-H y-i 

CM r-l CM 05 CQ Q3 

oq pq oq cq 
4 — I — I — h CM 4- 

t-J CM ^ 05 d 

BsjfelPq^oq^ 

4-4-4-4-4-4-T.4- 

»H ,-J 0« CM 1-1 r-* 05 t-4 -CT^ »H 

Pq fiq fsq 

«?<* CM CO CO 
_j_ 4_ _}_ 4_ 
CM CM 05 05 

+ + + + + T,T,+ 

1-1 CM CM 1-1 W 05 i-l-rxj 1 -t 


^ ^ Eq 

4- 4- 4- 4- 

^ ». as oi 5s CM ?& cq CM 

Kl '=*5 ^ 

-J 1-4 1 1 h 

5e ^ ^ ■*! CM CM % iH as iHI 

4 h4 1-4 1 1 h 

*s»-iasTH'-CM%;CM^i-ia:i-rasi-t>.T-l^iH'^i-l 


^ S . C^Cjf Oh Oh C) Oh Q3 Cb 

^ g* 


b Substitute ii for ii? and Aiu, and ia for A^g and itu, and disregard the subscripts g and u in the remaining species. 
6 Disregard ' and and add g and « to agree with that in the corresponding atomic species, 
a Disregard' and ^ 

I ^Disregard the difference between ii and ia. 
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«Por Cgo t>, Dg, Di, Cg disregard the subscripts g and u. 
to For Dq disregard ' and ^ 

ofor Dgd disregard ^ and ^ and add g and u to agree with linear case. 
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Table 60 

RESOLUTION OF SPECIES OF POINT GROUPS D2h> INTO 

THOSE OF POINT GROUPS OF LOWER SYMMETRY 


C2„ 

1 c 

a(xz)->a 

cr(yz)~^a 

^2h 

^2h 

Z-^Z 

^2v 

y-^y> z->z 

Cs 

ci(yz)-^iT 


A' 

A' 

A, 

A, 

Ai 

A' 


A" 

A^ 

Ay^ 

A, 

A2 

A" 

Bx 

A' 

A" 


A, 

A2 

A" 

B2 

A" 

A' 

Biu 

A. 

Ax 

A' 




B2. 

B, 

Bx 

A" 




B2u 

Bu 

B 2 

A' 





B, 

B 2 

A' 




Bqu 

Bu 

Bx 

A" 



^3u 

Cs 

o^-*a 

^2v 

orft--cry(2/z) 

1^4/1 

^4u 

^2cJ 

z-^z 

A'x 


A' 

Ax 

Alg 


Ax 

Ag 

Ax 

A 2 

A" 

^2 

Aly 

A 2 

Bx 

A, 

Ai 

A 2 

A” 

B 2 

^2g 

A 2 

A^ 

Bx, 

Ai 

■^1 

A' 

Bx 

A 2 U 

Ax 

B 2 

Bxu 

E' 

E 

A' + A" 

Ai B 2 

Bu 

Bx 

Bx 

Ag 

E" 

E 

A' + A" 

A 2 + Bi 

Bxu 

B^ 

Ax 

Au 





B2g 

B 2 

Ba 

Bx, 





B2u 

Bx 

A 2 

Biu 





Eg 

E 

E 

B2g + B^g 





Eu 

E 

E 

B 2 U + Rsu 


T<x 

E^ 2 d 

Uau 

^ 2 V 


Ax 

Ax 

Ax 

A2 

Bx 

Az 

A2 

E 

Ai 4 - Bi 

E 

Ai + A2 

Fx 

A2 + E 

Az + E 

A2 + Bi + Rj 

F2 

B2 “f" E 

Ax+ E 

A-x ~f~ Bx “t" Bi 
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TABIil 61 

MOLECULAR ORBITALS (GROUP ORBITALS) FORMED FROM 
ATOMIC ORBITALS OF EQUIVALENT ATOMS 


Point 

group 

Atomic 

orbitals 

Molecular orbitals®- 

^ 2 u(^ 2 ) 

(ns) X 2 ^ 

^1 + ^2 


(np) X 2^ 

2q/i "j” 0/2, “ 1 " 262 


(nd) X 2^ 

3<2]^ 26 Zr 2 4* 26]^ -j- 362 

Ci) 

(ns) X 2 



(np) X 2 

2ag + + 6 j, + 26u 


(nd) X 2 

3a^ + 2a^^ + 26^ + 36^^ 

D2h(D2) 

(?^s) X 2° 

Og + 


(n«) X 4^ 

+ ^lu + ^ 2 u “H 


(np) X 2° 

% + feiu + + ^2u + bsg + 63 U 


(np) X 4^ 

2o^ H“ + 61 ^ 4- 2biu + b2g + 2&2u + ^ 63 ^ + 63 ^ 


(nc?) X 2® 

2 a-g + + 262 U + ^ 2 g + ^ 2 u "b 63 ^ + 63 ^ 


(nd) X 4^ 

3oj + 2aii 4- 2big + 36i« 4* 263 ^ + ^b2u + 363 ^ + 263 ^ 


(na) X 3 

oi 4 e 


(np) X 3 

4 <^1 4" 0^2 4 ® 4 2 e 


(nd) X 3 

3cf2_ 4 2^2 4 56 


(na) X 3 

0 ' 4 


(ns) X 6 

0 ' 4 n"' 4 e' 4 e" 


(np) X 3 

2ci^ -}- 2&* 4 0 " 4 6*'^ 


(nd) X 3 

3ci 4 2<z 4 36 4 26 


(ns) X 2 

o-i 4 ( 12 " 


(ns) X S 

Oi' 4 e' 


(ns) X 6 

o-i 4 < 22 "^ 4 e' 4 e" 


(np) X 2 

^ 4 ^ 4 e' 4 e"' 


(np) X 3 

Ox 4 0-2^ 4 O 2 " 4 2e^ 4 


(np) X 6 

4 CLi 4 Ox^ 4 O/ 2 ' 4 0/2^ 4 d^" 4 + 2e‘' 4 4 2te/" 


(ns) X 2 

®lg 4 Ct2u 


(ns) X 6 

0>xg 4 <Z2u 4 4 6„ 


(np ) X 2 

®lg 4 ^2tt 4 4 6ii 


(np) X 6 

®lg 4 4 4 6^2^ 4 ®2u 4 4 ^211 4 4 26g 4 4 26^ 

^2d 

(ns) X 2 

4 &2 


(na) X 4 

Gti 4 62 4 e 


(np) X 2 

4 ^2 4 2e 


(f^) X 4 

j ®i 4 4 <*2 4 61 4 262 4^4 26 


(fid) X 2 

2ox 4 O 2 4 bi 4 262 4 2e 


|«i)t,^ X 4 

"7*^ — ■' ... 

4 2cE2 4 4 362 4 56 




APPENDIX V 


579 


Table 61 {Continued) 


Point 

group 

Atomic 

orbitals 

Molecular orbitals^ 

I>4h 

(ns) X 2 

O/^g 4* 


(ns) X 4 

+ ^Ig + 


(na) X 8 

Ulg + Cl2u + big + b2u + 65 , + 


(np) X 2 

^Ig + ^2u + 


(up) X 4 

0>lg + (l2g + (l2u + big -f- 629 ■+■ ^ 2 W "i" " 1 ’ 


(nc?) X 2 

+ Cl2u + + b2g 4“ b2u 4- 4 - 


(nc2) X 4 

4 d'l^ 4" U 29 4- a 2 tt ■+■ ^big 4- 4- ^29 "b ^ 2 u "t" 4" 3ej^ 


(ns) X 2 

ai' 4- a 2 


(ns) X 5 

di -4 61 + 62' 


0 

r-H 

X 

1 

di -f- d2" 4" 4* 4" 62 ^ 4' 02" 


(np) X 2 

+ e/ + e/ 


(np) X 5 

di' 4- CI2' 4“ 0^2^ 4* 2ei^ 4’ ei'' -f- 2^2^ 4" ^ 2 '' 


(nd) X 2 

di 4' d 2 ^ 4" 4“ -f 62 ^ 4 B 2 " 


(nd) X 5 

^di 4 di 4 U 2 4" d 2 ^ 4 4 4 3^2^ 4" 

Den 

(ns) X 2 

^19 + ^2u 


(ns) X 6 

^ig + ^lu 4- eiu 4 629 


(np) X 2 

dig 4 U 2 u 4" ^19 4 - 


(np) X 6 

^ig 4 " d2g 4 d2u 4 4 ^29 4- b2u 4 6ig 4 2eiu 4 2e2g 4 ^2u 


(nd) X 2 

^Ig 4- d2u 4- Big 4 Siu 4 €29 4- 62 u 


(nd) X 6 

2 dig 4 di^ 4 d2g 4 d2u 4“ big 4 26l^ 4 ^>29 4* ^ 2 u 4* ^eig 

4 4 3^29 4“ 2e2u 

Oak 

(ns) X 2 

dg 4 Oy 


(np) X 2 

CTg, 4 <Ty 4 TTp 4 TTy 


(nd) X 2 

4 CTy 4 TT^ 4 TTy 4 Sg 4 Su 

Ta 

(ns) X 4 

% 4/2 


(np) X 4 

4- /2 + e 4 /i 4 /2 


(nd) X 4 

Ui 4 2e 4 ^fi 4 3/2 

Ok 

(ns) X 6 

<^19 + ^9 + /lu 


(ns) X 8 

%9 + ^2u 4- flu 4- f 2 g 


(np) X 6 

^ 4 fig 4 ^ 4 /ig 4 /lu 4 /2g 4- / 2 U 


00 

X 

i 

<^i9 + ®2u 4 4 ey 4 /ig 4 2/iy 4 ^f 2 g 4- f 2 u 


(nd) X 6 

dig 4 d2g 4 d2u 4 26^ 4 4- fig 4 4 2f2g 4 2 / 2 U 


a Molecular orbitals arising from atomic orbitals are underlined, 
b In the y2-plane. 

0 In the 2-axis. 
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laoie /u J^ive-atomic dihydndes and monohydrides Table 81 Eleven-atomic molecules 

Table 71 Eive-atomic non-hydi-ides Table 82 Twelve-atomic molecules 

Table 72 Six-atomic tetraliydrides 

Pormore-than-six-atomic molecules for which the tables are not subdivided according to the number of H atoms the 
molecules are listed according to the number of H atoms, those with maximum number first. Within each such sub-group 
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Th© vi values given are the observed first vibrational quanta (i.e., the fundamentals) without applying any correction for 
anharmonioity or Fermi resonance^. For bending vibrations of linear molecules the band center without correction by the 
term or for non-linear molecules without correction by the term are given; thus, the numbers listed in the tables 
for vi give directly the energy of the J = 0 level or the J = 0, Z = 0 level of the state in which the vibration considered is 
singly excited. 
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pred. = predissooiation 

Even where the anharmonic constant is given in a footnote, the value given in the body of the table is Vj, not coj, 



MOLECULAR CONSTANTS OF THE ELECTRONIC STATES OF TRIATOMIC DIHYDRIDES 



BHa: » From electron impact data of (374). ^ Theae two states are derived from =11 of Hie eonflmiratlon 2apa^lnu of linear BHa (see p. 343). « Estimated from inertial defect, 

d Uncertain, based on long extrapolation; 3‘aa = 1,0. 

AlH • a Only one band (at 6684 A) has been analyzed ns yet, but the spectrum extends to longer wavelengths. 

to The band at 6584 A breaks off above J’ - 8, presumably on account of prediiwociation: limit at 15450 em-^. 









TABLE 03 

MOLECULAR CONSTANTS OF THE ELECTRONIC STATES OF TRIATOMIC MONOHYDRIDES 



HON; “■From electron impact experiments of (881). Using Z)(CN) = 7.5o eV after (112). c Derived from 

d Refers to DON since only fragments of this system have been found for HCN. fXhis is fq of the 000-000 band less {A - E) since the upper state of this band has K 
f Derived from oHH*. « See Table 47. ^ Quoted without explanation by (60). (301) give from Raman measurements; 2095.5. 

i «! =* 0.0104a, aa = -0.0086i, ag =0.0095, Dqoo = 2.914 x 10" «. JFor re (301) give 1.0657 and 1.1530 A. 

HOP: ftai = 0.0031, «a = -0.00034, “a = O.OOSi. 







MOLECULAR CONSTANTS OF THE ELECTRONIC STATES OF TRIATOMIC NON-HYDRIDES 
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irCK: « -37,66 cm- S - vl = - vq = 68 cm - ^ o ^.cmier-Teller splitting mth ctsa = -85.7. 

d First observed by (627); considered to be due to CNO by (812); see, however (544). A singlet transition (illu - lAg) has recently been observed by Kroto (699aa). o A = 0,784, y = -0.001. 
f Observed in Ar matrix by (851a). 

NCO: = -80.8 cm- b por the 1,0,0 vibrational level. cin Fermi resonance with 2^2 at 1385.3; (281) gives wj = 1324.3. ^ oj = 0.00308, - -0,00057, aa = 0.00150. 

® A « -95.59 cm- f Fairly large Eenner-Teller splitting with e - - 0.182; the 010 level is split into three components at 441.4, 533,6 and 637.4 cm- = - O.OOI80. 
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NaO+ ; ^ci = 0.00348, ag = 0.00202, Do « l.Ta x 10 "'^. b According to (289a) the/ value of this transition is 0.00365. °Ao = -132,36. 

<le » -0.193. ««! = 0.00264, ag = 0.00351; Do = 2.0 x 10- 7. 

Ka*. ^J>o “ I'fl 10“ “ -“71.3. ocfata = -94.88. d/)„ = 1.5 x lO-^, 

BOa! a Eatlmated from isotope effect. = -lOLSo. ce^g = -I3.I. «i These values are i(2i»3). 

e Observed in emission os the ’'boric acid fluctuation bauds ” in flames and electric arcs, extending to 6450 A. f A = - 148.6b. ~ - 92,2, 


Table 64 {continued) 
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HaO; ^ Very rapid convergence ( 3:22 = - 30 cm “ i). 0 The underlying continuum hae kmax = 147 cm - K 

4 Very difflise bands are superimposed; perhaps two electronic transitions. Longward limit refers to path of 1 m atm. 

0 Probably corresponds to dissociation into NOt^II) + f Probably corresponds to dissociation into Na(^S) + Oi^P). 

a In Fermi resonance with 2vi which appears at 1168.2o cm - ^ 

hoti w +0.00346, 02 s -0.00066, 0:3 = +0.00179, q = 0.000792 cm - 1 , Dj = 1.76 x 10 - ^ cm - ^ ‘These are the re values of (994); tq values have not been given. 
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OO 2 : ^ Each series Is accompanied by a vibrational series separated from the main series by 1274 cm - ^ which corresponds to Affi in the ^S,!' state of CO ^ . 
to Bach member consists of a long progression in vi with spacings similar to those in ^riu of CO 2 . 

e In addition a vibrational series, 1410-1260 cm - ^ to shorter wavclengtlis, lias been observed corresponding to the first At? in the ground state of CO 2 . 



Table 64 {continued) 



Bm 


OOg: absorption 1750-1400 A, in emission 3800-3100 A. ® Overlapped by continuum; in emission carbon monoxide flame bands; see (283). 

f For the anharmonic constant® xnc see (248). s Shifted by Fermi resonance with 2v^ n-hich is at 1285.40 cm - 





OCS: ^ May belong to one of the other systems. ^ May belong to the , or or (1- S systems. c May belong to the oi the P-S system. 

iMay belong to the S-P system. 






ft Also obtained with by (802). »> Only the component of this state has been nbaervcd. c shifted by Fermi resonance with which is at 802.11 cm - 

<i(51) give 1536.35 from unpublished work of G. E.. Wilkinson, oai = O.OOOlSg. aa = -0.00026, a.i = 0.000711; D = 1.0 x 10- ® cm 



HgClBr, HgBrl, HgGlI see (885) 



NOa: the photoionization method (926)(400): from electron Impact 9.83 eV (223). 

- toffrom predissociation data of (296); thermochomical data give 3.1127 and 4.6033 respectively. oflfaa = 2.3 cin- 
^From the fact that the E~Z bands are not shaded and thus B' B". 

eit is not improbable that in the 1 state the molecule is linear. In that case the number given represents 2^2. 
r Corresponds to first observed band in a progression which may have additional members at longer wavelengths. 



state T. Vibrational Frequencies Rotational Constants Electron Observed 

"i >'2 "3 A P n .,1. ConliBuration Transit, inos References Remarks 



CFj: ‘bidltMl^ from appearance potentials by (794); (1068) give 13.3 eV. tProm prcdlssociation (1219); according to (346) the heat of formation Is -2 OOn eV 
oFrom in&ared spectrum of CFg in Inert solid matrix (86B). ’ 

SiFai These are the values of (1049); (637) give t>i « 937 and do not find 1 ^ 0 , which according to the selection rules should indeed not he prominent in the spectrum. 






6<NI 


» Irom electron impact data (516). Intensity maximum at 2550 A. c Anharmonicities are given by (620). i Very doubtful since assumed v\ is incorrect. 
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to be classified as a forbidden transition, viz. A-. 



MOLECULAR CONSTANTS OF THE ELECTRONIC STATES OF FOUR-ATOMIC TRI-HYDRIDES 



Ano 




33 : » Observed only for PD 3 . ^ 0:22 = 7 . 84 . ^( 593 ) conclude that in this state the barrier toward inversion is low. 

d(463) gives maximum at 1910 A; extent of continuum depends on pressure and path length. 

eO/ = 0.000147 cm- ^ [(1171) give 0.000105]; Djk = -0.000136 cm- a| = 0.175, af = -0.109, Ca = 0 . 01 , U = -0.456. f From microwave data on PHaD and PHDa of (1137). 


Tabub 66 

MOLECULAR CONSTANTS OF THE ELECTRONIC STATES OF FOUR-ATOMIC DI-HYDRIDES 



fll 1 





Table 67 

MOLECULAR CONSTANTS OF THE ELECTRONIC STATES OF FOUR-ATOMIC MONO-HYDRIDES 



rSTT o 


a Incidental spectrograms taken in this laboratory show discrete bands in the region 3150-2050 A. 



Table 67 (continued) 



HONO: = -19.75 cm - ^ ''3722 = -22.3 cm - ^ c Diffuseness decreases to shorter wavelengths, 

d The barrier separating cis and f ram forms is estimated by (461) to be 3040 cm - L 

HFCO: a Kot certain. see (419). b 3^22 = -6.5. = +16. dsee(419). . , , 

e Vibrational assignment of analyzed band (40281.5 cm - i) is not certain, but its upper state is not the 00 . . . level. f ai = aFCO, az = L HCF, 03 - ^HCO, p - pyramidal angle. 
eThe transition moment of the band that has been analyzed is in the c-axis. bFrom hot bands of the ultraviolet spectrum (418). (1245) calculate 1007 cm - ^ from ve of DFCO. 



Table 68 

MOLECULAR CONSTANTS OF THE ELECTRONIC STATES OP FOUR-ATOMIC NON-HYDRIDES 
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PFa: ft Not certain that this is 0 ~ 0 band. ^ Angle of PF with Oa axis. 



Table 69 

MOLECULAR CONSTANTS OF THE ELECTRONIC STATES OF FIVE-ATOMIC TETRA- AND TRI-HYDRIDES 



GH4: aFrom (1273) and (41). ^02= -0.122, 03 = 0.0416, £3 = 0.0552, 

CH3O: aThe spectrum assigned by (811) to CH3O has been shown by (927a) to be due to CHONO. 

CH3C1': a From electron impact work (777). *»The two limits correspond to the components /ib. and E?^ of the ground state of the CH3CI+ ion. = 0.100, £5 = -0.273, £0 = 0.222. 

dThe values of i^s. ‘'e diifer slightly from those quoted in Volume II because of an error in Table 85 of that volume. They refer to the energy difference between the J = 0, Z = 0 levels of 
upper and lower state (excluding the £“ term; see p. 404 of Vol. II). 



Point m Vibralimial FruciuoiKsira Rotational Constants Observed 



CHsBr: »From electron impact work (777). n See footnote ^ of CH3CI, 'C, = 0.049, {5 = -0.229, (e = 0.1C9 [from (169)], aSec footnote < of CHaCl. 




Table 70 

MOLECULAR CONSTANTS OF THE ELECTRONIC STATES OF FIVE-ATOMIC DI-HYDRIDES AND MONO-HYDRIDES 



HCCCH: a Discrete bands in the region 3650-3100 A not yet analyzed. 

HaCCO: ^(1025) give different assignment, viz. vg = 380 cm - bjTrom new plates of the writer. = 3166.1, va = 976.7, I'g = 433 cm - ^ (fa and Fa may have to be exchanged), 

a (169) give Ao = 9.34 from vq + Fg, e Only the sum of f(CO) + r{CC) is accurately known: 2.475 A. According to (876) r(CH) = 1.079 A. 





Table 70 {continued) 



HCOOH: afrom Rydberg series; photoionization yields 11,05 eV; see (1273). bjfot a very convincing series. cTaken from the spectrum reproduced by (1019). 
d Continuum with maximum at 1690 A according to (924). qvt = 625, - 1033, 1 'g = 638 cm - ^ 










CrOaCia: ^ vM = 211, vb(& 2 ) = 496, vg = 257 (all in liquid or solution). (558) gives a few frequencies for the gasi 



Table 71 (continued) 
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OsOii apossibly the states 0 and S form a single state [see (1084)]. b(i084) give a mean separation of 827 cm-L 

cTwo very weak systems at longer wavelengths (4000-3200 1) have been observed by (1084) but not definitely identified. 

4 In liquid (1320). (722) give 568 and 688 cm - ^ as doubtful Raman lines of the gas, but these are considered spurious by (1320). 

VCI 4 : aFar-reacliing conclusions about Jahn-Teller splittings in VCI 4 are dra^ra by (122) from a few diffuse absorption maxima. From theory the ground state is ^E, but no definite experimental con 

firmation has yet been obtained. A careful reinvestigation of the infrared spectrum by (451) has not revealed any evidence for Jahn-Teller splitting in the ground state. 



Table 72 

MOLECULAR CONSTANTS OF THE ELECTRONIC STATES OF SIX-ATOMIC TETRA-HYDRIDES 
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CHsOH: a Continuous absorption only. b From photoionization, see (1273). 

CH3SH: a From thermochemical data of (787). ^ ^^(e) = I'a = 803 [same numbering as for CH3OH in Vol. II, p. 335J. 



Table 73 

MOLECULAR CONSTANTS OF THE ELECTRONIC STATES OF SIX-ATOMIC TRI-HYDRIDES 






(Kill 


OH 3 CN: ‘‘V 7 (e) = 10^ 



Table 73 {coiiiitmed) 



HCONH 2 : ® A fragmentary Rydberg series with a limit at 82566 cm~ ^ has been observed. 

CaHaCi: = 1030, mb= 720, vg = 395, vioia”) = 941, i^n = 896, viz = 620. ^The fundamentals of C 2 D 3 CI are given by (928). 



Table 74 

MOLECULAR CONSTANTS OF THE ELECTRONIC STATES OF SIX-ATOMIC DI-HYDRIDES 



a From the predissociation in the system. ^Maybevo. . , * . . .,i ^ 

0 Complicated vibrational structure; very slightly prcdissociated making resolution of rotational structure impossible. == 482, j'bIwu) = C30, 




HCaCHO: = (650), vs = 506.9, ('s = 189.4, = 462.1, vn = 389.7, 1^12 = 345.9. ^Dk = 2.73 x 10" ^ 

cv 7 {a') = 650.0, ^8 = 613.7, Pg - 205.3, >'io{a'0 = 981.2, vn = 692.7. 1^12 = 260.6. a i)«- = 2.90 x 10“^; the effective microwave Aq has been corrected for the effect of Dk. 

®Z-C— CH = 113.9. fj-B = 181.0, V 12 = 341.3°. et Sub-bands with AK = 0, ±1 and branches with = 0, +1, ±2 have been observed. 






Table 75 

MOLECULAR CONSTANTS OF THE ELECTRONIC STATES OF SIX-ATOMIC MONO-HYDRIDES 




Table 76 

MOLECULAR CONSTANTS OF THE ELECTRONIC STATES OF SIX-ATOMIC NON-HYDRIDES 




Point „ Vibrational Frequencies Rotational Constants Obsewed R^jj^arks 

“^0 A n n /H\ Transitions 

V, Uo Vq Va ^5 ^6 ^0 ^0 ^0 ^ 



P7(6iu) = 288, hM = 512, VQibzv) = 782, Pio = 104, Pii(53ti) - 913, ~ 318. 





Table 77 

MOLECULAR CONHTANT8 IN THE ELECTRONIC STATES OF SEVEN-ATOMIC MOLECULES 




CH 3 NH 2 : aErom photoionization measurements of (1276). = 650. = 1130, vg = 1044, vq — 780, vio(a") — 3427, vn — 2985, 1^12 — 1485, — 1455, ^'14 — 1195, fis — 264. 

a Calculated from the moments of inertia given by (743). 

e Distance from N atom to CH 3 symm. axis = 0.091 A. The HCH angle lias been assumed to be tetrahedral and the C— H distance to be 1.093 A. 
f Potential barrier for internal rotation: 691 cm - ^ [.see (938) and (743)]. 






C 2 H 4 O: a Confirmed by photoionization experiments of (1273); (see also (781)), '’This system and D-1, according to (781), form the first two members of a second Eydberg series. 

= (1345), ve = 807, Vgtfti) = 3079, ^lo = 1143, vn = 821, ^ 12 ( 62 ) = 3019, = 1470, m = 11&3, = 892. 
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a Not certain that 1 and B are different. ^ This is the value of (711). (409) gives 932 while (344) give 947 cm - ^ c Average of the values of (711) and (409). 
<iFroin electron diffraction (368a). 
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230 cm- 
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Hg( 0 H 3 ) 2 : ®In all probability there is free rotation and Dsh is not an exact description of the point group to which the molecule belongs. 

^Vjia's) = 650, = 2980, vo = 1475, vio = 788, vu = 153, viz(e") = 2869, via = 1443, = 700. 

CH 3 C 2 H 3 : = 1473.6, Vs = 1419.2, Mb = 1377.6, vto = 1298, vn = 1229, = 1171.9, i-ia = 920.4, .-14 = 427.5, Visia") = 2954.0, rie = 1442.6, 1^17 = 1044.7, rie = 990.6. rio = 912.4, 

I'ao = 677.6, 1^21 = (174). 

b Torsional barrier: 692 cm - The equilibrium conformation is one in which one C — H bond of the CH3 group lies in the plane of the vinyl group, eclipsed with respect to the double 
bond (516). 
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(CH 3 ) 20 ‘ a From phoioionization experiments (1273) obtains 10.00 eV. 

br,(ai) = 413. vM = (2889), eo = (1456), e^o = (1291), = (160). vM = (2889). .13 = (1440). = (1291), nn = 270, vM = (2889) = i'it. f'le = (1440) = .20 = (1291), 

P 21 = 1122. 

cCII distances and angles are averages. The actual CII 3 groui)S are slightly asyininetric; see (124). 




( 0 H 3 ) 2 S: a Based on first member of a Rydberg series. 

= 285, Veiaz) = 2980, I'g = 1426, i-io = (919), = (240), 1 ^ 12 ( 61 ) = (2852), = (1426). 1^14 = (1230), = ?. MM = (2980), = (2852), i^ie = (1426), vi^ = 1323, 

^20 = (1274), rai = 742. 

c Angle between axes of CH 3 groups: 104.4®. d Barrier toward internal rotation: V 3 = 746 cm- 0 Assignment doubtful. 

CH 3 — C=C — CHO: a The numbering of the vibrations is uncertain, ^ infrared, Raman and microwave spectra have apparently not yet been studied. 




ci-7(«i) = 994. 1'B = 724, viM = 837, i-ia = 744, = 605, i'i 5 ( 62 ) = (3120), vio = (3090), = 1579, »’i!, = 1270. 1'ao 




O 4 H 4 S: a Measured on (1028)’s published spectrogram. 




b(149) conclude from the appearance of non-totally symmetric vibrations that tlie molecule is non-planar in tlie A state. 
cj/7{ff2") = 735, f'ste') = 3050, Cg = 1550, 1'lo = 1410, vn = 1176. 1'la = 675, 1'lgtc") = ?. ei4 = 341. 






(CHa^nO' a With underlying continuum, which for higher pressures extends to longer \vav(‘lengths. 

bp,(ai) = 1018, Va = 008, Vaitta) = (3000), Vio = 1283, ru = 1185, = 986. .,^(5,) = 3007, = 2910, kis = 1225. .'la = 1142, = 830. .^x,, = 89.8, vM = 2966, f'sc 

1^22 = 1363, ^23 = 1228, ^24 = 936. 

tsThe C 3 O ring is eifectively planar, but there is a very slight puckering with a barrier oi 35 cm- \ The lowest level is 8 cm- ^ above the top of the barrier [see (186)]. 



Table 80 (contmued) 



<CH3)2C0 : a Agrees well with the photoionization value 9.69 eV. ^ From mass spectrometric data of (919). « Numbering is arbitrary. ^ Not certain that this is 0 - 0 band. 

0 Continuum adjoining discrete absorption may not belong to the same electronic transition. 

^V 7 = 530, cb = 391. No detailed assignment has been made. Only the totally symmetric vibrations (corresponding to polarized Raman lines) are given here, Assumed. 




1046, 1'23 = lOls! vzi = 647. d No unique solution to the geometrical structure of pyrrole has as yet been obtained. 


Table 80 {continued) 



],4 C4H4N2: a Overlapped by continuum, b = 333 cm - see (610). « Sharp bands with || structure (see Fig. 105); broader bands with J_ structure. 

^In emission (3760-4400 1) observed in phosphorescence in solid matrices at low temperature by (437) and (351), spectrogram in (351). 

«This is the value obtained by (831) from the UV spectrum. 

= 363.0 [from (831)], v^ibig) = 757, vsibiu) = 3066, 1'lo = 1484, i^u = 1144, ;'i2 = 1110, •'13(62?) = 918.6, = 703, vi5(62«) = 3066, f-ie = 1418, = 1067, = 1022 [from (1135); 

(770) give 1148], •'19(633) = 3041, •'20 ~ 1524, •'21 = 1118, •'22 = 516, •'23(63«) = 804, •'24 = 415.6 [from (831)], 





Point ,p Vibrational Fro(|iionoi('H Rotational Constants ( )l)served Rc.foronces Remark, 

A. B„ 0 „ r„(A) „ 'I’nuisitions 



G4H2N2GI2, G4HN2GI3, G4N2GI4 (di, tri, tetrachloro -pyrimidine) see ( 1230 ) 



MOLECULAR CONSTANTS IN THE ELECTRONIC STATES OF ELEVEN-ATOMIC MOLECULES 






MOLECULAR CONSTANTS IN THE ELECTRONIC STATES OP TWELVE-ATOMIC MOLECULES 



CalEsCalla: »From pholoionlzation (1273). 

OeHo: uphotoionizatum experiments of (1272) give 9 . 2 I 5 ± 0.01 eV. b Absorption coeiFicients in the region 1335 to 430 A given by (161). 









APPENDIX VII 


PHYSICAL CONSTANTS AND CONVERSION FACTORS 


Since the publication of Volumes I and II, the values of the general physical 
constants have been very shghtly changed and their accuracy has been improved. 
In addition, the International Unions of both Physics and Chemistry have agreed 
to adopt the scale of atomic weights based on the value 12.0000 for the carbon 
isotope of mass 12. A consistent set of constants, based on the discussion of many 
new measurements, has recently been proposed b^^ Cohen and DuMond (217b) and 
is recommended by a committee of the U.S. National Academy of Sciences. 
Unfortunately this set became known only when this book was already in press. 
All numerical data in this book are based on an earlier report by Cohen and 
DuMond (217a), modified by the adoption of a very slightly improved value of 
the velocity of light. However, in almost all cases the numerical data obtained 
with the new set are, within the accuracy of the determinations, the same as those 
given in this book. In particular, the B values of Appendix VI that were obtained 
from microwave measurements are based on the new value of c. 

For the convenience of the reader we give in Table 83 the newly recom' 
mended values of those constants that are frequently used in spectroscopy and in 
Table 84 the corresponding values of the conversion factors of energy units. 
These tables replace Tables 1 and 2 of Volume I and Tables 147 and 148 of Volume 
II. Finally, Table 85 gives the numerical factors in the equations for moments 
of inertia, force constants, and Boltzmann factor, based on the numerical values 
of the physical constants of Table 83. 

The conversion factors from eV to cm “ ^ and cal actually used in the text and 
tables of this book were 8066. Og and 23062.3, respectively, not those of Table 84. 
Thus, the ionization potentials and dissociation energies given in eV in Chapter V 
and in Appendix VI must be corrected by about one part in 20,000 in the few cases 
in which the accuracy of the determination warrants it. 
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APPENDIX VII 


Table 83. Physical Constants 


Constant 

Symbol 

Value 

Error 
Limit ^ 

Velocity of light in vacuum 

c 

2.997925 x 10^° cm/sec 

± 3 

Planck’s constant 

h 

6.6256 X 10"^'^ erg sec 

+ 5 

Electronic charge 

e 

4.80298 X 10-i°e.s.u. 

±20 

Electron rest mass 

nie 

9.1091 X 10-28 gm 

± 4 

Eydberg constant 

Eo3 

109737.31 cm-i 

+ 3 

Bohr radius 

^0 

0.529167 X 10'® cm 

+ 6 

Y 2 Biass of C12 atom 

Avogadro number (of molecules in 

21, 

1.66043 X 10-2^ gm 

± 6 

a mol) 


6.02252 X 102® 

4-28 

Boltzmann’s constant 

k 

1.38054 X 10 '1® erg/degree 

4-18 

Gas constant 

P 

18. 3143 X 10’' erg/degree/mol 

+ 12 

\l 98717 cal/degree/mol 

+ 29 

1 thermochemical caloric 

cal 

4.18400 X 10’' ergs 



iThis is three times the standard deviation in units of the last digit quoted for the constant. 


Table 84. Con\:ersion Factors for Energy Units 


Unit 


erg/molecule cal/mol electron-volt 


1 cm"^ 

1 erg/molecule 5.03447 x 10^^ 
1 cal/mol 0.349758 

1 eV (electron- 
volt) 8065.73 


1.9863ixl0-i® 2.85912 
1 1.43942 xlO^® 

6.94726x 10-1^ 1 


1.239813 X 10-^ 
6.2418iX 1011 

4.33634 X 10-5 


1.60210x 10-12 23060.9 1 


Table 85. Some Numerical Factors 


Equation 

Factor 

Numerical value 

j 

h 

i 

f27.9908 X 10-‘^°gmcm2 x cm"^ 

[16.8575 a.m.ii. A2 x cm"^ 

\ 8.39142 X 10-^5 cm2 ^ (Mc/sec) 

[50.5375 X 10^ a.m.u. A 2 x (Mc/sec) 
5.89145 X 10"2 dynes/cm/(cm"^)2 
0.69503 cm~^ /degree 

(cm~^) 

/- 4 

1 1 

CM 

loo 1 

8772 B (Mc/sec) 

k = 

A = Aq 0- kT 

8772 

4772c2A/i 

k 

he 
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SUBJECT INDEX 


As in the previous volumes, this index includes in addition to the usual 
material of an index also all symbols used in this volume and all molecules discussed 
or mentioned. 

Italicized page numbers refer to more detailed discussions, ordinary page 
numbers to brief or casual references to the item listed; boldface page numbers 
refer to figures. 

Mathematical symbols and symbols for species, point groups, molecular 
constants, etc., are listed at the beginning of the section devoted to the correspond- 
ing letter. Greek letter symbols are given under the letter with which they begin 
when they are written in English (for example, cp, rr, ip under P, and in this 
order). Symbols to which a word is joined are listed under the corresponding 
symbol: for example, R branch is under R, not under Rb. But in all other cases 
the alphabeting is based on the part before the comma, for example, electron 
im'pact after electronic angular momentum. 

All individual molecules are listed under their chemical formulae considered 
as words; for example, CH3CI under Chcl; HNO2 under Hno. If there are several 
molecules giving the same “word” they are listed in the order of increasing 
numbers of the first, second, . . . atom; for example, CHCI3, CH3CI, C2H2CI4, 
C2H4CI2 in this order, but C 2 H 4 is ahead of CHCI3 since the corresponding “word" 
is Ch. It should be noted that this order is somewhat different from that m the 
formula index of Chemical Abstracts where the number of atoms has “priority" 
over the alphabet. This change appears to be necessary in a combined formula 
and subject index. For the benefit of the hurried reader, for all molecules dis- 
cussed in detail, cross references are given under their chemical names. 

The order of symbols in a chemical formula is the usual one for all organic 
compounds, including metal-organic compounds, that is, C comes first, then H, 
while the remaining atoms are in alphabetical order. For inorganic compounds 
the central atom, if any, is put first, then H and then the other atoms in alpha- 
betical order, except in the case of acids and H 2 O for which H is put first. Thus 
we have H 2 S, HNO 2 , and so forth, that is, substantially the conventional order. 
Cross references are given in all ambiguous cases. 

All material referring to a particular molecule, such as its electronic structure, 
dissociation, predissociation, molecular constants, spectrum, etc., is listed under 
the chemical formula of the molecule. Molecular types such as linear XY 2 , 
planar XY3, . . . molecules will be found imder XY2, XY3, . . . where also various 
items relating to these types are given. 


a, see antisymmetric rotational levels 
a-axis, 83, 245 

lai, 2a^, 3®!, . . . orbitals, electrons, 
297, 299f., 306, 325, 331, 334, 
378, 385f. 

a 2 , lci 2 , 2 o 2 j - • • orbitals, electrons, 297, 
331 

ai, a'i, a 2 , ag orbitals, 302f. 


ag, a^ig orbitals, electrons, 322f., 325f. 
a state (empirical designation), 146, 
488 

a-type transitions, 245f. 

A, ionization limit, 341 
A, A', A", rotational constants, 

82f., 104f., 118f., 236 
determination of, 114f., 20 5i., 229, 
233U 250, 255, 264 
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Aq, rotational constant for lowest 
vibrational level, observed 
values, 581-668 

A, spin-orbit coupling constant, 19, 
36f., 75, 77 

Ag, equilibrium rotational constant, 
82, 105 

effective spin-orbit coupling 
constant, 81 

Akj, line strength, 226, 232 
A'^, constant in energy formula for 
large Jahn-Teller interaction, 57 
A{, A 2 , Ai, A 2 electronic states, 92, 566 
A, A', A" rovibronic levels, species, 
nil, 197, 223 

Ai, A 2 rovibronic levels, 92f., 95f., 
nil, 238 

Ag, Ay_ rovibronic levels, llK. 

A, A', A" species, 10 
Ai, A 2 species, vibronic or electronic 
states, 10, 55f., 67, 87, 11 If., 260 
Ag, Au species, vibronic or electronic 
states, 10, 114, 200 

A state (empirical designation), 146, 
200, 488 

4. -type (component) bands, 261, 262 , 
551 

^^Az, . . . vibronic species, 22, 37 
^Ai, ^Ai vibronic states, rotational 
levels in, 88 

Aj^ — Az Coriolis interaction, 266, 267 
A -A, A' -A', A" -A', A"^A" elec- 
tronic (vibronic) transitions, 
132f., 248, 259f., 268f. 

Ai—Ai electronic (vibronic) transi- 
tions, 139, 163, 242f. 

^42 — electronic (vibronic) transi- 
tions, 226t, 242 

^A"-^A\ ^Al~~K4'i elec- 

tronic transitions, 242, 270 
^A^~^Ag bands, 269 
A 2 — A 1 , A-i^ — Az forbidden electronic 
(vibronic) transitions, 135, 139, 
176f., 243, 265t,- 267 , 270 
Ag — Ag forbidden transitions, 135, 270 
— 4.U, A^ — Ag transitions, 132, 248, 
260 

A — B, Ai — Bi, 4-1 — Bz, . . . electronic 
(vibronic) transitions, 133, 248f. 
^A — '^B, '^A — ^B transitions, 269 
Ai^z~~E, (4.2,2 electronic transi- 
tions, '22 4f. 

— ^42 — transitions, 222 

^Az — ^'Zg transition, 272, 504 
21, antis;^nnmetrizing operator, 335 
cio, «*, rotational constants of spherical 
top, 104 

ai, rotational constants of linear 
molecules, dPf. 


ai^, oti®, ai^, rotational constants, 82, 
105 

a-bands of ammonia, 213, 493, 584 
absorption coefficient, 418, 452f. 
absorption continua, 445—454, 452 
long wave-length limit of, 482 
absorption progression, 143, 144, 165, 
166 

absorption spectra, 1, 128, 143, 145, 
148, 155f., 218 

curves of individual molecules, 489, 

501 , 506 , 527 , 534 , 543 , 560 
spectrograms of individual mole- 
cules, 157 , 162 , 164 , 178 , 464 , 

502 , 514 , 531 , 534 
rotational structure in, 186 , 188 , 

192 , 200 , 201 , 205 , 207 , 214 , 215 , 
227 , 229 , 235 , 237 , 251 , 259 , 265 , 
491 , 508 , 538 
acceptor molecule, 426 
accidental predissociation, 476 
acetaldehyde, see C2H4O 
acetic acid, see C2H4O2 
acetone, see CsHgO 
acetonitrile, see C2H3lSr 
acrolein, see C3H4O 
additivity of bond energies, 355, 358, 
361 

adiabatically separated, 378 

afterglow, 454, 500, 512 

AI, valence of, 364 

AlsCle, 411 

AlH, 474 

AIH2, 49 Of., 583 

allene, see C3H4 

allowed electronic transitions, 128—133, 
150-173, 185, 223f. 
forbidden components of, 139f., 175 
allowed rovibronic transitions, 184, 
22Sf., 246f. 

allowed vibrational transitions, 130, 
150f. 

allowed vibronic transitions, 137f. 
allyl radical, see C3H5 
alternate missing lines, 185, 202, 226f., 
241 

alternation : 

of even and odd sub-bands, 169 , 209, 
219 

of even and odd valencies in the 
periodic system, 353 
of intensities, 185, 200f., 226f., 232, 
241 

of intensity alternation, 233, 235 
of statistical weights, 71, 93f., 114, 
226, 232 
analysis: 

of bands, 186, 199, 214f., 264 
of a band system, 143f., 156 



SUBJECT INDEX 


701 


angular momentum: 

in asymmetric top molecules, 116, 
219, 459 

in linear molecules, 24f., 69, 219, 459 
in spherical top molecules, 10 S 
in symmetric top molecules, 63, 83f., 
231, 459 

anharmonicity (anharmonic constants), 
20f., 146, 211f. 

anharmonicity splitting, 21, 156, 212 
anomalous dispersion, 273 
anomalous magnetic moment of the 
electron, 124 

“anti-binding” molecular orbitals, 385 
anti-bonding orbitals, electrons, 306, 
349, 376, 3811, 392f., 397, 409, 
415i„ 544, 546f., 554 
antisymmetric product, 18, 53, 332, 570 
antisymmetric {a) rotational levels, 70, 
75, 184, 197 

antisymmetric vibrations (normal co- 
ordinates), 138, 152f., 155, 176, 
432 

antisymmetrized product, wa\-c func- 
tion, 334i. 

antisymmetrizing operator, 335 
apparent continua, 429 
apparently diffuse spectra, 429 
aromatic molecules, 400 
AsHa, 360, 513, 610 
assignments of bands ; 

check by combination i*elations, 146 
by isotope study, 183 
asymmetric rotor functions (species), 
109, 111, 112f. 

asymmetric top bands, 248i., 261, 262, 
263f. 

asymmetric top molecules, 83, 104-118, 
124, 127, 193, 244-271,215 
asymmetric top point groups, 247 
asymmetric top species, 109, 11 Of., 
112f., 245 

asymmetry component of Z-type doub- 
ling, 95f. 

asymmetry contribution to B, D, 
H,. 106f., 194, 213 

asymmetry {K-type) doubling (doub- 
lets), 107f., 194, 2011, 214, 247f., 
253, 256f., 261, 517 

asymmetry parameter (6, k), 105f., 

194, 200, 2071, 251, 259 
asymmetry splitting, see asymmetry 
doubling 

atom: 

resolution of species into those of 
molecules, 574 

symmetry properties, 3, 5, 14 
atomic fluorescence, 482, 485 
atomic orbitals, 296, 300, 379, 383, 578^. 


atomic population density, 383f. 
atomic species, 57 4l. 

Auger process, 45 5f. 
auto -ionization (see also preionization), 
455 

axial point groups, molecules, 21, 94, 
2241 

axis switching, 201, 208f., 211, 268, 
270, 498, 517 
azomethane, see C2H6N2 


b, asvmmetry parameter, 105f., 194, 
207 f., 259 

b, half-width of a level, 457 
6 -axis, 83, 245 

61, I61, 25i, . . . orbitals, electrons, 297, 

299, 334, 3851 

62, 1^2, 262 , ■ . . orbitals, electrons, 

2994., 306, 334, 3854. 
bxg. 629, b 2 un b^g, b^u orbltals, 

electrons, 325, 327, 329 
b state (empirical designation), 146, 488 
6-type transitions, 2451 
B, B', B" , rotational constants, 

69, 72, 824., 99, 103, 1044. 
determination of, 1144., 188, 199, 
229, 233, 250, 256, 264 
Bq, rotational constants for lowest 
vibrational level, observed val- 
ues, 581—668 

Bq, equilibrium rotational constant, 
_ 6‘,9, 82, 99, 105 

B = 1{B -f C), 202, 206 

, effective rotational constant for 
multiplet components, 81 

effective B values for 
asymmetry components with 
1, 108, 250 

B^~^, rotational constants of 
Renner-Teller components, 77, 
79 

B^, rotational constants for P, R 
or Q branches, 196 
Bjnn^ transition probability, 418 
Pi, P2 electronic states, species, 10, 
2001 

Bg, B^ electronic states, species, 10 
Sig, ^B-i^g, . . . electronic states, species, 
21 

P, Pi, P2, P3 rovibronic levels, species, 
111, 1121, 197, 2464. 

Bg, B^ rovibronic levels, 110, 113 
Pig, Piu, Psp, - . . rovibronic levels, 
111, 113, 247 
P species, 10 

By , Pa/ , Pi/g species of extended point 
groups Cl, C3, Ci, 164., 278, 
563, 5694. 
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B state (empirical designation), 146, 
488 

^Big, ^Bn^, . . . vibrational species, 22 
Bi, B2, ^^Biy ^^B2, - . • vibronie states, 
species, 22, 111, 260 

5 -type band of asymmetric top, 261 
^Bi^ — ^Aig bands, 559 
Bi~A 2 , B 2 — A 2 Coriolis interaction 
(perturbation), 266f. 

B2U ~ A g, B^u ~^g electronic transition 
of D2h molecule, 17 7f., 552 
B2u — I^ig electronic transition of a 
Dq)^ molecule, 178, 242, 557 
^Biu — ^Ag transitions (bands), 269 
B — A, B2~Ai, . . . vibronie transitions 
(bands, band types), 248f. 

Bi^ — Ag vibronie transition, 249 
B — B electronic transition, 133 
B — B, B^— Bi, Bi — B2, B2 Bq, 
jBi — Bq vibronie transitions 
(bands, band types), 248 
B 2 — B^ forbidden electronic transition, 
266 

^B — ^B, ® jBju —'^Bj^g transitions 

(bands), 269 

-Si. 2*-^2 transitions, 224f. 
^^2 — electronic transitions, 222 
jS, radiative transition probability, 
457f. 

P, resonance integral, 327 f. 
j8, spin function, i4f., 131 
pi, rotational constant, 69 
B atom, valence of, 364 
BaCl2, BaF2, dipole moments of, 363 
band convergence (see also conver- 
gence limit), 482 
band head formation, 185 
band origin, 185, 230f., 250f. 
band structure, 185f., 188, 218, 226, 
231f., 257, 258, 265 
band system, 128, 142-181, 185, 412 
band types, 223, 248i. 
barrier to internal rotation or inversion, 
119, 120f., 122, 396 
BCI3, 4, 47, 364 
Be, valence of, 364 
BeFa, 363 
BeH, 425 
BeHs, 286, 376 

bending vibration (frequency), 30f., 
120f., 123, 154, 157, 437, 462 
bent bonds, 364, 365f. 
bent — linear transitions, 193-222, 218, 
221 

energy level diagrams for, 195, 198 
spectrograms, 200, 201, 205, 207 
bent XY2 (XH2) molecules: 

correlation of orbitals, 316, 317, 319 
shapes of orbitals, 316, 318 


potential function and continuous 
spectra, 437f,, 440, 447, 449 
benzene, see CgHe 
benz;yme, see C6H4 
BFs, 345 
BF3, 364 

BH2, 218, 286, 312, 341, 343, 375, 487, 
49 OL, 583 

BH3, 346f., 364, 375, 513 
BH4, 348 

B2H6, 364, 411, 545i., 646 
B2H6 + , 546 
B5H9, 4 
(B12II22) > 5 

BH3CO, see CH3BO 
B3H3N3 (borazole), 4 
biacetyl, see C4He02 
“binding” molecular orbitals, 385 
binding strength, determined by over- 
lap, 359, 381 

BO2, 182, 344f., 499i., 593 

energy levels, 77, 78f., 159, 160f. 
spectrum, 189, 191, 192 
Bohr magneton, 124, 272 
Bohr radius, 299, 670 
Boltzmann factor, distribution, 149, 
155, 173, 474, 475 

bond: 

according to MO theory, 37 6i. 
according to the \'alence-bond 
method, 352i., 359 
bond angle, 360 

bonding-anti-bonding pair, 393, 409, 
418f. 

bonding orbitals, electrons, 306, 349, 
376, 38K,, 390, 392f., 397, 409, 
415f. 

bond shortening, 402 
bond strength, power, 359, 363, 386 
boric acid fluctuation bands, 593 
Born-Oppenheimer approximation, 8f., 
21, 129, 151 

“borrowing” of intensity, 139i., 236, 
243 

Bose statistics, 71, 93, 114, 226 
Br“, as a ligand, 410 
branches, 221, 230f., 238f., 242i., 248, 
25n., 256f., 269 

in singlet bands, 184f., 194f., 202f., 
214, 226L, 230f. 

in doublet bands, 186L, 214, 219f.,241 
in triplet bands, 192f., 219f. 
with AK = ±2, 209, 221, 242, 268, 
497 

see also satellite and forbidden 
branches 

breaking-off in emission, 457f., 469, 497 
breathing vibration, 154f., 167, 178, 
549, 556 
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Breit-Wigner resonances, 479 

BrFs, 4 

broadening: 

by predissociation, 4r56f., 459 
by pressure, 453f. 
building-up principles, 276-428 
from separated atoms, 281-296 
from like groups, 294f. 
from smaller molecules, 283f. 
from united atom (molecule), 277- 
279 

from unlike groups, 29 If. 
butadiene, see C4H6 
butene, see C4Ha 


c, upper X-type component, 108 
c, scale factor for potential surfaces, 432 
Ciic. coefficients in LCAO MO’s, 300, 302, 
306 

c-axis, 83, 245 
c-type transitions, 245i, 

C, Og, Cq, rotational constants, 

53f., 105, 114f., 199, 250, 257, 
581-668 

Cl, one-fold axis, 2 
C2, two-fold axis, 2f. 

C 2 °', 0^2^, C 2 ^> rotation by 180° about 
a, b, c axes, 109f. 

Cp, p-fold axis of symmetry, 2 
Cl point group, molecule, 2, 4, 16, 111, 
132, 2471, 255, 260, 563, 569f. 
C2 point group, molecule, 2, 4, 10, 111, 
132, 247 f., 255, 260, 269, 563, 
569f., 576, 578 

C3 point group, molecule, 4, 16, 50, 
225, 240, 563, 569f. 

C4 point group, molecule, 50, 225, 240 
C5 point group, molecule, 50, 225 
Cq point group, molecule, 50, 225 
C2/1 point group, molecule, 3f., 10, 
llOf., 113f., 197, 198, 247, 255, 
260, 269, 564, 569f., 576f. 

Cg/i point group, molecule, 4, 10, 50, 
223, 225f., 240, 564, 569, 571, 
575, 578 

C4^ point group, 50, 225, 240 
point group, 50, 223, 225 
Cg/i point group, 50, 225 
Q point group, molecule, 2, 4, 11, 16, 
110, 113, 563, 569f., 578 
selection rules, 132, 135, 247f,, 255, 
260 

Cp point group, 2 
Cph point group, 3 
Cpp point group, 2f., 16 
Cs point group, molecule, 2f., 10, 22, 
23, 60, 111, 112f., 277, 563, 
569f., 575f. 


selection rules, 132, 197, 198, 247f., 
255, 257, 260, 268f. 

CiD, see Cg 

C 2 V point group, molecule, 3f., 10, 67, 
IIH., 208, 278, 280r.. 287, 289f., 
306, 331, 334, 337f. 
energy levels, 22, 23, 112, 254 
selection rules, 132, 135, 139f., 176, 
177, 197, 198, 247, 251, 267, 270, 
461 

Tables of characters, direct products, 
etc., 564, 569i., 575f. 

Cgu point group, molecule, 4, 17i., 20, 
40, 48, 50, 53, 67, 235, 280, 289f., 
331f., 337, 578 

energy' levels, 23, 55, 56f., 59, 60, 
91f., 171, 320, 338f. 
selection rules, 132, 135, 153, 16 If., 
165, 170, 171 , 223f., 238, 239, 
243 

Tables of characters, direct products, 
etc., 564, 569r., 575f., 578 
C^^y point group, molecule, 4, 50, 94, 
223, 225, 235, 240, 332, 565, 
569, 571, 574, 577 

C^y point group, 50, 225, 565, 569, 571 
CQy point group, 4, 50, 87, 225, 332, 338, 
566, 569, 571, 574, 576 
Cqu point group, 50, 566, 572 
Coot, point gi'oup, molecule, 3f., 277, 
281L, 285, 297, 332, 339, 567, 
569, 572, 574, 576 
^ selection rules, 133, 135, 139, 180f. 

G state (empirical desiixnation), 200, 
488 

C-type band of asymmetric top, 261, 

263 

Xi, component of orbital wave function, 
299 

Xai » Xh » • • • 5 orbital wave fimctions, 
334 

C (carbon), valency of, 353, 3 6 If. 

Cg molecule (radical), 158f., 183, 186, 
344f., 498, 591 
Cq ring, 327, 328, 329, 398f. 

CaCla, 363 

capture probability, 474, 475 
carbon monoxide flame bands, 219, 
500, 598 

case (a), (b), (c), see Hund’s case (a), 
(6), (c) 

CBr^, 626 

C — C single bond, 402 
CCI4, 4, 453, 626 
C2CI4, 541, 639 
CsCle, 4 
CeCle, 4 
CCIFO, 616 

C4CI4N2 (tetrachloro -pyrimidine), 662 
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CCI2O (phosgene), 616 

C2Ci202 (oxalvl chloride), 640i., 638 
CCI2S (thiophosgene), 526, 617 
CD2 (see also CH2), 491 
CD3 (see also CH3), 228 
CD^ (see also CH4 ), 472 
C2D4 (see also C2H4), 533, 534f. 
center of sjnnmetry, 2 
central collisions, 477 
centrifugal distortion (stretching): 
in asvninietric top molecules, 10 8i., 
114f., 194, 206, 255f., 264 
in linear molecules, 69, 75f., 185, 194 
in spherical top molecules, 99, 101^. 
in symmetric top molecules, 82, 84, 
^86, 233f. 

CF2, 289, 344f., 510, 603 
CF4, 125, 321, 626 
CF + , 51 
CF2CI2, 627 

CF3I, 162f., 164, 166f., 235, 237, 532, 
626 

CFN, 282, 286 
CF2N2, 626 
CF2NO, 639 
CFO radical, 603 
CF2O, 616 
CH, 287, 437 

CH2 (methylene), 4, 183, 360, 375f., 
465, 468, 484, 491, 492f. 
correlation with C2H4, 327, 349, 365, 
394f., 478 

correlation with united and 
separated atoms, 279, 285f., 289 
molecular constants, 583f. 
molecular orbitals in, 299 f., 312, 
341, 343f. 

Rydberg states and transitions, 149, 
344 

singlet spectrum, 214, 215f. 
triplet spectrum, 192, 491 
343, 487, 492 

CH3 (methyl), 4, 149, 183, 227, 228, 232, 
355, 375f., 480, 513, 514f., 527 
correlation with separated and 
united atoms, 27 8f., 289f., 292f. 
molecular constants, 609 
molecular orbitals in, 30 If., 303 
predissociation of, 227, 465, 467 f., 
486f. 

term manifold and obseryed leyels, 
346, 347, 412 
CH3-, 412 

CH4 (methane), 4, 355, 376, 37 8f., 
392, 448, 526, 527f. 
correlation with separated and 
united atoms, 278, 290f., 362f. 
molecular constants, 102, 619 
term manifold, 348, 413 


CH^, 51, 348, 413, 472, 527 
CH5, 397 

CoHs (acetylene), 4, 108, 125, 154, 158, 
209, 417, 517f. 

electronic (yalence) structure, 281, 
284f., 287, 295, 324, 366, 376, 
400 

molecular constants, 611 
observed spectrum, 169, 186, 200, 
201, 205, 209, 5m. 

C2H2"-, 518 

C2H4 (ethylene), 4, 114, 177, 295, 400, 
415, 478, 533, 534f., 539 
correlation: 

with O2, 279f., 325, 349 
with CH2, 281, 294f., 325, 327 
wdth C2H3, 292 
molecular constants, 629 
molecular orbitals, term manifold, 

327, 348f., 394f., 413, 415 
“perpendicular” form of, 281, 394, 

CaHs (ethyl), 640 

CaHs (ethane), 4, 94, 280, 295, 400, 
413, 480, 545f., 64S 
correlation to CH3, see X2H6 
546 

C3H2 radical, 622 
C3H4 (allene), 4, 94, 541f., 640 
C3H4 (methyl acetylene, propyne), 125, 
402, '^542, 641 

(methyl acetylene ion), 542 
C3H5 (allyl radical), 646 
C3H6 (cyclopropane), 94 
C3H6 (propylene), 650 
C3H8 (propane), 413 
C4H2 (diacetylene), 4, 536, 633 
192, 536, 633 

C4He (dimethyl acetylene), 6 
C4H6 (ethyl acetylene), 657 
C4H6 (butadiene): 

electronic structure, 401, 41 5f. 
spectrum and molecular constants, 
549f., 656 

R4He (cy do -butene), 657 
C4H8 (cy do -butane), 4 
C4H8 (1- and 2-butene), 665 
C4H8 (2-methylpropene), 665 
C5H5 ( cyclop entadienyl radical), 658 
CsHs (cydo-pentadiene), 553f., 663 
C6H4 (benzyne radical), 659 
CeHs (phenyl radical), 663 
CeHe (benzene), 4, 94, 236, 349f., 
397f., 416, 426f., 555f. 
molecular constants, 665f. 
molecular orbitals, tt orbitals, 327, 

328, 329, 397, 398f. 
near ultraviolet bands (^J52u— 

140, 148, 178, 242, 555f. 
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resonance, delocalization in, 3701,, 
400 

Rydberg states, 414, 560f. 
triplet -singlet transition 
568i, 

CeH^ (benzene ion), 41 3f. 

CeHe (dimethyldiacetylene), 555, 667 
CgHe (divinyl -acetylene), 66.7 
CgHg (hexatriene), 404 
CsHio (cyclo -hexene), 372 
CeHi 2 (cyclo -hexane), 4 
C 7 H 7 , C 7 H 7 (tropyl radical and ion), 4 
CioHs (naphthalene), 141, 148, 177f. 
Chappuis bands of 63, 510i., 604 
characters (group theoretical), 11, 15^., 
277, 304, 328, 563-568 
charge density distribution (see also 
electron density distribution), 
303, 379, 380f., 382f. 
charge -transfer complex, 427f. 
charge -transfer forces, 426 f. 
charge -transfer spectrum, 349, 419, 

527 

CH3BF2, 6 

CH 3 BO (borine carbonyl), 364 
CHBra, 531, 625 
CHgBr, 451, 452f., 530, 620 
CaHsBr, 546, 647 

C6H4Br2, 668 

CsHsBr, 562, 668 
C 2 ll 2 Br 2 Cl 2 , 4 
CHBrClF, 4 
C 6 H 4 BrF, 668 

C 2 H 6 Cd (dimethyl cadmium), 650 
CHCl radical, 498, 590 
CHCI 3 , 531, 625 
CH 2 CI 2 , 4, 67, 625 
CH 3 CI, 4, 67, 448, 451, 530, 619 
C 2 HCI (chloro-acetylene), 4 
C 2 HCI 3 (trichloroethylene), 540, 637 
C 2 H 2 CI 2 (cis, trans, 1:1 dichloroethy- 
lene), 4, 539f., 635f. 

C 2 H 3 CI (vinyl chloride), 536, 632 

C 2 H 3 CI 3 , 4 

C 2 H 5 CI, 546, 646 

C 3 H 2 CI 2 (1:3 dichloro-allene), 4 

C 4 H 5 CI (chloroprene), 659 

C6H2CI4, 668 

C 6 H 3 CI 3 , 4, 668 

C 6 H 4 CI 2 , CeHsCl, 562, 668 

C6H4CIF, 668 

C 4 HCI 3 N 2 , C 4 H 2 CI 2 N 2 (tri- and di- 
chloro -pyrimidine), 662 
C 4 H 3 CIN 2 (chloropyrazine), 662 
C 2 H 3 CIO (acetyl chloride), 643 
CHD (see also CH 2 ), 491 
chemical binding, see covalent binding 
chemical bond, 351-428 
chemical stability, 370, 397 


chemiluminescence, 482, 485, 507 
CHF radical, 498, 590 
CHF 3 , 531, 625 
CH 2 F 2 , 625 

CH 3 F (methvl fluoride), 13, 290, 292, 
619 

C 2 HF (fluoro -acetylene), 284 
C 3 H 3 F (methyl-fluoro-acetvlene), 13 
C6H2F4, C6H3F3, C6H4F2,‘C6H5F, 668 
CioHioFe (ferrocene), 4 
CHFO (monofluoroformaldehyde), 261, 
524, 614 

C 2 H 6 Hg (dimethyl mercury), 513, 650 
CHI 3 , 531, 625 
CH 2 I 2 , 625 

CH 3 I (methvl iodide), 235f., 237, 241, 
413, 418, 452, 528f., 546 
Jahn-Teller effect in, 40, 166f., 529, 
561 

molecular constants, 528f,, 621 
triplet splittins:, 293, 339, 529 
CHal^, 413, 546 

C 2 H 5 I (ethyl iodide), 413, 546, 647 
C 2 H 5 l^, 546 

C 3 H 7 I (propyl iodide), 663 
CeHsI, 562, 668 
CHgLi, 292 

chloroprene, see C 4 H 5 CI 
chlorop\Tazine, see C4H3CIN0 
CHN (HCN and DCN), 4, ‘ 186 , 206, 
207, 468, 493, 494f. 

A — X system of, 146, 167, 168, 169. 
173, 196, 200, 203, 204, 205f., 
494 

electronic (v^alence) structure, 276f., 
282i., 286, 324, 355, 417 
molecular constants, 494, 588 
potential surface, (pre-) dissociation, 
437, 438, 441, 466, 468 
CHN 2 (HNCN radical), 183, 258, 290, 
522f., 613 

CH 2 N 2 (diazirine), 624 

CH 2 N 2 (diazomethane), 141, 491, 530, 

- 531, 623 

CH 5 N (methyl amine), 541, 640 
02112^4 (s-tetrazine), 649 
C 2 H 3 ]Sr (acetonitrile), 95, 485, 535i., 
631 

C 2 H 4 N 2 (diazoethane), 649 
C 2 H 0 hr 2 (azomethane), 658 
C 2 H 7 N (ethyl amine), 656 
02118^2 (ethylene diamine) as a ligand, 
410 

CsHlSr (cyano -acetylene), 53K., 625 
CsHsISTg (s-triazine), 655 
C 4 H 4 lsr 2 (pyrazine), 4, 137, 251, 270, 
551L, 660 

C 4 H 4 lSr 2 (pyrimidine, pyridazine), 553, 
661f. 
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C4H5N (pyrrole), 551, 659 
C5H5N (pyridine), 554, 664 
CHsNa, 290 

CHNO (isocyanic acid), 613 
CH 3 NO (nitrosomethane), 631 
CH 3 NO (formamide), 632 
CH 3 NO 2 (nitromethane), 643 
CH 3 NO 2 (methyl nitrite), 643 
CH 3 NO 3 (methyl nitrate), 649 
C 2 H 5 NO 2 (nitroethane), 659 
C 3 H 7 NO (dimethylformamide), 665 
C 5 H 5 NO (pyridine-N-oxide), 668 
C 2 H 3 NS (methyl thiocyanate), 643 
CHO (formvl radical), 1, 182{., 213, 
214, 292, 294, 417, 468, 469, 
495f. 

molecular constants, 49 5f., 589 
CHO 2 radical, 613 

CH 2 O (formaldehyde)," 4, 67, 125, 140, 
1761, 2591, 442, 518U 520f. 

(pre-) dissociation, 442, 470, 476, 

478, 484, 522 

©i^btronic structure, 279, 289f., 292, 
324, 348 

magnetic dipole spectrum, 135, 141, 
177, 270^. 

^molecular constants, 612 

Stark effect, 275 

. triplet state (®- 42 ), intercombination, 
118, 137, 269, 274, 521t 
CH2O2 (formic acid), 624 
CH3O (methoxy radical), 619 
CH 4 O (methyl alcohol), 485, 535, 630 
C 2 H 0 O (ketene), 530, 622 
C 2 H 2 O 2 (glyoxal), 260, 274, 538f., 635 
C 2 H 3 O (vinoxy radical), 631 
C 2 H 4 O (acetaldehyde), 542, 543f., 643 
C 2 H 4 O (ethylene oxide), 544, 642 
C 2 H 4 O 2 (acetic acid), 649 
C 2 H 4 O 2 (methyl formate), 649 
C 2 H 6 O (ethyl alcohol), 410, 651 
C 2 HeO (dimethyl ether), 548, 651 
C 3 H 2 O (propjmal), 269, 537, 538, 634 
C 3 H 4 O (acrolein), 260, 547i., 648 
CsHgO (acetone), 5, 550f., 658 
C 3 H 0 O (c -trimethylene oxide), 657 
CsHgO (propionaldehyde), 658 
C 4 H 4 O (furan), 548f., 653 
C 4 H 4 O (tetrolaldehyde), 652 
C 4 H 4 O 2 (dioxadiene), 662 
C^HgO (croton aldehyde), 663 
C 4 H 0 O 2 (biacetyl), 543, 56 If., 667 
C 5 H 4 O 2 (furfuraldehyde), 554f., 664 
C 6 H 4 O 2 (benzoquinone), 668 
CHP (HOP molecule), 495, 588 
CH 4 S (methyl mercaptane), 535, 630 
CaHeS (dimethyl sulfide), 548, 652 
C 4 H 4 S (thiophene), 549, 654 
C 4 H 4 Se (selenophene), 654 


CoHgZn (dimethyl zinc), 650 

Ci., 626 

circular dichroism, 136 
cis-dichloroethylene, see C 2 H 2 CI 2 
cis-trans isomerization, 540 
Cl ~, as a ligand, 410 
class (group theoretical), 15 
classification of orbitals, 296-312 
classification of electronic states, .9f. 
CIO 2 , 118, 125, 261, 273, 397, 421, 
466f., 482, 607 
CIO3, 618 
CI 2 O, 360, 607 
CI 2 O 7 , 655 
closed shells, 333 
CN, CN-, 4, 187, 410 
CN2 (NON radical), 148, 161, 193, 345, 
499 592 

C 2 N (CCN and CNC radicals), 345, 
49 8t, 59 If. 

C 2 N 2 (dicyanogen), 193, 524f., 615 
€ 4^2 (dicyanoacetylene), 638 
CNO (NCO radical), 77, 78, 141, 159, 
187, 188, 189f., 345, 499f. 
molecular constants, 49 9f., 592 
CNS, 593 

CO 2 , 4, 125, 186, 219, 414, 500, 501, 
502, 503f. 

electronic structure, orbitals, 286, 
314, 344f., 346, 365, 366, 368, 
393f. 

molecular constants, 597f. 
potential surface, dissociation, re- 
combination, 430, 431 f., 433f., 
435, 436f., 471, 477f., 481 
CO 2 + , 189, 191, 345, 414, 499f., 503, 
594 

C02^^, 473 

C 3 O 2 (carbon suboxide), 626 
coarse structure (see also K structure), 
251 

CoFi", 410 

cohesion in metals, 352 
cold absorption, 149, 151f., 185, 194, 
218 

collision complex, pair, 453, 479f. 
collision frequency, 480 
collision processes, 439f. 
collision time, 454f., 474, 480 
combination defect, 18 5f., 19 4f., 196, 
200, 203, 213, 232, 255, 257f. 
combination differences, 216, 231, 233, 
249, 255f., 259 

combination relations, 146, 216f. 
comets, 218, 498 
complex formation, 426f. 
complex ions, 350f., 375, 405f. 
complex normal coordinates, 45 
condensation of gases, 419 
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configuration, see electron con- 
figuration 

configuration interaction, 40 425f. 
conformation, 2 

conical intersections, 444, 463, 486 
conjugation of double (triple) bonds, 
400f., 4151, 419, 537 
constants, molecular, 580-608 
continua, see continuous spectra 
continued fractions, use for asymmetric 
top, 108 

continuous absorption spectra: 

corresponding to dissociation, 413, 
445-454, 452f., 482i. 
corresponding to ionization, 418, 
429, 445 

continuous emission spectra, 454i. 
continuous range of energy levels, 445, 
455, 456, 458f. 

continuous rotation and rotation- 
inversion groups, 3f., 99 
continuous spectra, 445-455, 482f. 
contour diagrams: 
of potential surfaces 

of CO2, 430, 431, 435, 436 
of HCN and H2O, 438, 440 
showing J ahn-Teller instability, 
44, 48 

of electron distributions, 380f. 
of 2p and tetrahedral orbital wa\'e 
functions, 307, 308 
convergence limit, 433f., 445, 482 
conversion factors, 582, 669f. 

Coriolis (coupling) coefficient, 70, 95, 
102 

Coriolis forces, 72, 84, 94, 96, 118, 253 
Coriolis induced transitions, 141, 243, 
265f., 267f. 

Coriolis interaction, 20, 141 

in asymmetric top molecules, 118, 
246f., 249, 265r., 267f., 270 
in linear molecules, 72f. 
in spherical top molecules, 10 If., 
103f., 244 

in symmetric top molecules, 84, 85f., 
94f., 97f., 234, 238, 243 
Coriolis parameter (see also L, Cv)^ 
63f., 84f., 103, 244, 253 
Coriolis perturbations (see also Coriolis 
interaction), 266, 267f. 

Coriolis splitting (see also first order 
Coriolis splitting), 84f., 92, 98, 
238, 516 

correlation diagrams: 

for hydrogen bonding, 424, 426 
of orbitals of CeHs, 398 
of orbitals of H2XY molecules, 324 
of orbitals of XH2 molecules, 313, 
317, 319 


of orbitals of XH3 molecules, 320, 
321 

of orbitals of XH4, XY4 molecules, 
322, 392, 409 

of orbitals of X2H4 and XsHg mole- 
cules, 325, 326, 395 
of orbitals of XY2 molecules, 314, 
319, 344, 408 

of orbitals of XYg molecules, 323 
correlation of electronic states (species), 
276-296 

for different conformations, 279-281, 
289, 577 

with those of separated atoms, 
281-296, 362 

with those of separated groups, 
291f., 469 

with those of united atom or 
molecule, 277-279, 574-577 
correlation of orbitals (see also corre- 
lation diagrams), 312-330 
correlation of rotational levels for 
small and large Renner-Telier 
and spin-orbit interactions, 80 
correlation rules, 276, 278, 281f,, 285, 
319, 431, 486, 574-577 
correlation schemes, see coiTelation 
diagrams 

correlation of vibronic levels: 

for large and small Jahn-Teller 
interaction, 59, 60f. 
for large and small Renn(T--Teller 
interaction, 33 f., 35f., 38 
for large and small spin-orbit interac- 
tion, 35f., 38 

for linear and bent conformations, 

120, 121 

for planar and non-planar conforma- 
tions, 22, 23 
COS, 4, 414, 599f. 

COS + , 594 

Coulomb energv, term, contribution, 
337, 354,'^ 371, 383 

Coulomb integrals, 336, 353, 356, 360 
coupling cases, see Hund’s case {a), (b), 

(c) 

coupling constant (X) of spin-orbit 
interaction, 19, 36f., 75, 77 
coupling constant (parameter) D for 
Jahn-Teller instability, 54f., 
64f., 97, 99 

coupling of rotation with vibration 
and electronic motion, 68—122 
coupling of vibrations and electronic 
motion, see vibronic interaction 
covalent binding: 

in electron-pair bond theory, 352f. 
in molecular orbital theory, 383f. 
ion, term manifold of, 350 
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[Cr(H 20 ) 6 ] + + complex ion, 407 
CrOgCla, CrOaFa, 627 
crossing of a barrier in quantum 
theory, 470 

crossing point, see intersection 
croton aldehyde, see C^HeO 
crystal field molecular orbitals, 304 
crystal field theory, 304, 323, 405f. 
CSg, 169, 173, 186, 201f., 203, 222, 414, 
504f. 

effect of magnetic field, 125, 137, 
222, 272, 274 

molecular constants, 600f. 

CSa"-, 189, 414, 499, 505, 594 
cubic point groups, 13, 19, o5f., 333 
CuCla, 4071 

cyclic polyenes, dienes, 401, 416 
cy do -butene, see C4H6 
cyclo-pentadiene, see CsHg 
cyclopentadienyl, see C5H5 

D 

d, lower iiC-type doublet component, 
108 

d, quenching parameter, 64f., 126, 273 
di, degree of degeneracy, 20, 69 
d orbitals, electrons, 296i., 340^., 

374, 40 of., 408, 409 
d- valence, d- bonds, 37 3f. 
d® configuration, states of, 334 
D, coupling parameter in Jahn-Teller 
interaction, 54f., 641, 97, 99, 
165f., 180 

D, Dg, rotational (centrifugal 

distortion) constants in linear 
ft molecules, 69, 721, 76, 102, 185 

g Di, D 2 , D 2 , centrifugal distortion 

constants of asymmetric top 
molecules, lOSf., 1141, 256 
Uq, D 2 , • • . , Di;,, D 3 .,, . . ■ , Dj, 

species of continuous rotation 
group K, 15f., 278, 56S 
Djg, Djy,, species of continuous rota- 
tion inversion group 16, 

99, 101, 568 

Dj, centrifugal distortion constant in 
symmetric and as\Tnmetric tops, 
82, 84, 1081, 1141, 2331, 256 
Dji^, centrifugal distortion constant in 
symmetric and asymmetric tops, 
82, 84, lost, 1141, 2331, 256 
Dfi, centrifugal distortion constant in 
sjnnmetric and asymmetric top 
molecules, 82, 84, 10 8f., 1141, 
206, 233, 255 

A.i. A./. A.V(J), KiiJh 

centrifugal distortion and split- 
ting constants in spherical top 
molecules, 99, lOlf., 104 


D 2 point group, molecule, 51, 11 , 111 , 
114 

selection rules, 132, 247 f. 

Tables of characters, direct products, 
etc., 564, 569, 570, 575, 578 
D 3 point group, molecule, 11, 50, 91, 
132, 277, 332 

Tables of characters, direct products, 
etc., 564, 569, 570, 5751 
D 4 point group, molecule, 4, 11, 50, 
332 

Tables of characters, direct products, 
etc., 565, 569, 571, 574, 576 
D 5 point group, 50, 565, 569, 571 
Dq point group, molecule, 50, 332, 338 
Tables of characters, direct products, 
etc., 566, 569, 571, 574, 576 
Dq point group, molecule, 50, 566, 572 
point gimip, 567, 572 
D 2 d point group, molecule, 51, 50, 94, 
277, 280, 290, 332, 3941 
selection rules, 153, 2241 
Tables of characters, direct products, 
etc., 565, 569, 571, 575f., 578 
Dq^ point group, molecule, 4, 11, 50, 
94, 280, 326, 332, 554, 478 
selection rules, 165, 223f., 226, 240 
Tables of characters, direct products, 
etc., 564, 569f., 5751, 578 
point group, molecule, 4, 60, 224f., 
566, 569, 572 

point group, molecule, 223, 225, 
565, 569, 571 

Dg, atomic states, 280, 5741 
Don point group, molecule, 31, 11, 
1101, 1131, 277, 279f., 2941, 
325, 394, 559 

selection rules, 132, 153, 1771, 247f., 
249, 258, 266, 2691 
Tables of eharacters, direct products, 
etc., 564, 5691, 57'51, 5771 
point group, molecule, 51, 12, 23, 
571, 48, 591, 951, 2771, 280, 
288f., 293, 364, 462, 478 
electron configurations, 33 If., 338, 
3461 

energy levels, 39, 55, 561, 87, 911, 
180, 2391 

orbitals, correlations, 298, 302f., 

304, 318, 320, 321, 326 
selections rules for, 132, 135, 1531, 
165, 170, 179, 180, 2251, 226, 
230, 2551, 242, 513 
Tables of characters, direct products, 
etc., 566, 569, 571, 5751, 5771 
point group, molecule, 4, 11, 4 If., 
501, 55, 94, 232, 277, 291, 332 , 392 
selection rules, 153, 223, 225, 2351, 
240 
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Tables of characters, direct products, : 
etc., 565, 669, 571, 574, 576^.\ i 
579 I 

I>5^ point group, molecule, 4, 50, 22S, I 
225, 569, 579 

Deh point group, molecule, 4, 39, 50, 
87, 94, 277, 290f., 338, 

559 

orbitals, correlations, 32(^f., 398f. 
selection rides for, 133, 135, 140, 153 
178, 223, 225 

Tables of characters, direct products, 
etc., 566, 569, 571, 574, 576, 
579 

Drjy^ point group, 4 
Da/i point group, 566, 572 

point group, molecule (see also 
linear molecules), 3f., 180, 184i., 
208, 277f., 254f., 332, 339 
selection rules, 133^., 139, 153, 179, 
180, 185, 211 

Tables of characters, direct products, 
etc., 567, 569, 572, 574, 576, 
579 

Dp point groups, 3, 16 
Dpd point groups, 3 
Dp^ point groups, 3 
8, Rydberg correction, 341 
8j, centrifugal distortion constant, see 
D^, 108 

8 orbitals, 297, 299, 332, 339 
A, over-all splitting of d orbital 
energies in tetrahedral, etc., 
fields, 406, 410 

A electronic state, 10, 12, 24f., 27f., 
34, 72, 211, 217 
Af-">, A(-> states, 28 
A vibrational level, 25, 70f. 

A, Ag, Au vibronic levels, 24f., 28f., 
31, 72f., 81 

^A, ®A electronic states, 8 If. 

A — A transitions (bands, sub-bands), 
133, 181, 184, 186, 189f., 201f., 
207 

A — n transitions (bands, sub -bands), 
184, 186, 203, 204f. 

A— transition, 135, 180f. 

A^fff , asymmetry correction to 
' 10 6f., 256 

AZ>fff , asymmetry correction to D[p^, 

■ 106i,, 194 

78.{F{J,K), U^F{J,K) combination 
differences in J, 233, 256 
Af f^(0, if ) combination differences in K, 
255 

A(^, ^G{v, K), 121, 122, 146, 217f. 
AHfff , asymmetry correction to 
’ 106f. 

Aljc, 153 


Avfc, 152f‘. 

DCN, see CHN 
decay constant, 471 
degeneracy, 12, 70, 72, 99 
degenerate electronic states (species), 
9t 

of linear molecules, 23-37, 125, 

15 7f., 167, 179f. 

of spherical top molecules, 103 f. 

of symmetric top molecules, 37-65, 
62, 86t, 96f,, 98f., 126, 157L, 
164f., 167, 1791, 443 
energy level diagrams, 55, 56, 58, 
60, 91 

potential function, 41, 43, 44, 47, 
48, 49, 52, 58 

degenerate vibrations, vibrational 
levels, 55, 56, 69f., 84f., 119, 
150, 1531., 156, 158 

degenerate vibronic levels, 28f., 40, 
87, 93, 10 3f. 

degrading of bands, see shading of 
bands 

degree of degeneracy, 16 
degree of hybridization, 311 
degree of mixing, 303 
degree of overlapping, 377 
delocalization, 367, 370, 373f., 4001., 
416 

delta function, 451 
density of levels, 4741., 480 
designation of angular momentum 
vectors, 13 

designation, empirical, of molecular 
electronic states, 488 
Deslandres table, 1431., 145f., 152 
determination of rotational constants 
(see also individual constants), 
lUf., 1991., 2121., 229, 2331., 
255f. 

deuterium bond (see also hydrogen 
bond), 422 

Dewar structures of benzene, 3721., 
400 

diacetylene, see C4H2 
diatomic molecular spectra, compared 
to electronic spectra of poly- 
atomic molecules, 142, 149f., 
184, 219, 337, 354, 376, 442f., 
454f. 

diatomic orbitals, 305 
diazines, see C4H4N2 
diazirine, see CH2lf2 
diazoetbane, see C2H4N2 
diazometbane, see CH2N’2 
diborane, see BaHe 
dicbloroetbylene, see C2H2CI2 
diffuse (absorption, emission) spectra, 
429, 455-482 
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diffuseness, as a result of predissocia- 
tion, 265, 456f., 466, 483L, 522 
digonal hybrid orbitals, 309f., 363f., 
366 

dihedral groups, 3 

di-hydrides, 48 8{., r517f., 530f., 536f. 

dimers, 370, 419, 421 

dimethyl ether, see C 2 H 6 O 

dimethyl sulfide, see CaHeS 

dioxadiene, see C 4 H 4 O 2 

dipole moment: 

electric, permanent, 126f., 274f. 
electric (transition moment), 1281., 
1321, 137f., 151, 158, 174f. 
magnetic, 1341. 

dipole radiation (transition), 128, 1321., 
175, 222, 246, 271 

direct dissociation, 433, 445, 4481., 452 
direct product, i7f., 21, 129, 223, 284, 
330, 333, 570-573 
direction cosines, 223 
directional effects in valence, 3051., 
3581. 

dispersion forces, 4191. 
dissociation continuum, 445-456 
dissociation energy, 1, 355, 422f., 433, 
449, 454, 482-487, 582-668 
dissociation limits, 4311., 437, 4451., 

4821., 4841. 

dissociation processes of polyatomic 
molecules, 429, 445-455 
dissociation products, 4451., 464f., 

4841., 4861. 

dissociation in a single oscillation, 433, 
445, 4481., 452 
D 2 O (see also H 2 O), 265 
donor molecule, 426 
Doppler effect, width, 457 
double bonds, 327, 364, 365f., 401 
double Deslandres table, 143f., 151 
double groups, 151., 531., 563-568 
doublet bands, transitions, 1861., 220, 
221, 241 

doublet — quartet transitions, 136, 221 
doublet splitting, 117 
double-valued species, representation, 
15, 18, 22, 26, 53 

doubling, see Z-type doubling, i^^-type 
doubling, etc. 

doubly degenerate orbital, 332f. 
dynamic Jahn-Teller effect, 541. 


e, e', e" orbitals, electrons, 298, 3021., 
318f., 321, 326, 3311. 

Bg, orbitals, electrons, 322f., 326 

• • • orbitals, electrons, 

3271. 

E, electric field intensity, 126f., 274 


Ej , asymmetric top parameter, 1051., 
124 

E, E', E", Eg, E^, . . ., doubly de- 
generate species (state), 10, 13, 
132f. 

^E, ^E' , ^E", . . ., doubly degenerate 
electronic species (state) (see 
also E, E', . . .), 37 

evj^, e^E", . . ., doubly degenerate 
vibronic species (see also 
E, E', . . . vibronic state), 37 
^E, ^E', ^E", . . ., doubly degenerate 
vibrational species (state), 37 
Eq, electronic energy, 20 
E^, vibrational energy, 20 
Eq^, vibronic energy, 20 
Ey^, E 3 /^, . . ., Ei/^g, two -valued doubly 
degenerate species, 161., 26, 

53, 278, 293, 3371., 529, 546, 
5631. 

E, E', E" ro vibronic levels, 91, 921., 

2231., 247 

E, E', E", Eg, . . . vibronic state 
(level), 37, 39, 87, 91f., 100, 236 
^E state, 53 
^E state, 18 

E - A ; E — A-^, E - A 2 ; E' -Ai, E" - A'l 
electronic transitions : 
rotational structure of, 91, 2241., 

2321., 2341., 275 

vibrational structure of, 161f., 164f., 
166f. 

E' — A 2 , E"~A{ forbidden electronic 
transitions, 135, 1791., 242 
^E—'^Ai, ^E' — ^A{ transitions, 242 
— ^A 2 transition, 136 
E — Bi, E — B 2 , E 2 — B;i, E 2 — B 2 transi- 
tions, 2241. 

E — E electronic (vibronic) transitions, 
161, 1641., 2241., 238, 239f., 275 
E' — E', E' — E", E"~-E" transitions, 

239f. 

E-i^ — Ei, E 2 — E 2 , Ei — E 2 , - - transi- 
tions, 225 

Eg — Eu, E^ — Eg transitions, 240 
^E-^E, ^E"-^E' transi- 

tions, 242 

e, absorption coefficient, 4521. 

€, Renner parameter, 30, 31f., 36f., 
77f., 189 

€f, orbital ener^, 298, 303, 337 

spin-rotation coupling constant, 
117 

ecKpsed C 2 H 6 , 280 

effective B values, 771., 81, 1061., 188, 
191, 199, 233, 234, 2491., 256 
effective D values, 256 
effective electron configuration, 384, 
389 
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effective point group, for large inver- 
sion doubling, 170 

effective spin splitting constant, S6, 79 
Ehrenfest’s adiabatic principle, 330 
eigenfunctions, see electronic, vibronic, 
vibrational, total eigenfunctions 
eight-atomic molecules, 545-548, 646i. 
eight -fold axis, 51 
electric dipole moment: 
permanent, 126f., 27 4i. 
transition moment, 128i., 132^., 

137f., 150f., 158, 174f. 
electric dipole transition, radiation, 
128, 132f., 175f., 222, 246, 271 
electric field, effect on spectrum, 122f., 
126f,, 274f. 

electric quadrupole moment, 134 
electric quadrupole radiation, transi- 
tion, 134-136, 173, 246, 270 
electron affinity, 423, 427 
electron configurations, 276, 296-351, 
358, 376, 5811 

with equivalent electrons, 33 If. 
with equivalent and non-equivalent 
electrons, 333f. 
of HaCO, C2H4, CgHs, 348f. 
with large spin-orbit coupling, 337 f. 
limitation of concept, 335 
with non-equivalent electrons, 330f. 
of XHa and XYa molecules, 341f., 
344f. 

of XH3andXH4 molecules, 346f., 348 
electron correlation, 378, 403 
electron delocalization, see delocaliza- 
tion 

electron (density) distribution, 379, 

380f., 382f. 

electronic angular momentum, 12f., 
24f., 63f., 86, 116, 185 
electronic coordinates, 129 
electronic degeneracy, 61, 72, 86 
electronic eigenfunction, 7-20, 45, 62f., 
128f., 330f., 334f., 352, 443 
electronic energy, 7-20 
electronic ground state, 1, 330, 488 
electronic Hamiltonian, 45, 336 
electronic interactions, 336 
electronic motion, 9, 20, 296 
electronic orbital angular momentum, 
12f., 63, 72, 75, 116, 126 
electronic population analysis, 37 9f. 
electronic -rotational interaction, 86, 
99, 101, 141, 265f. 

electronic selection rules, 128, 130, 
132t, 461 

electronic species, lOf., 129, 138, 185 
electronic spectra, 1, 128—275 
electronic states, 7-128 
classification of, Pf. 


of individual molecules, see these 
manifold of, 339-351 
rotational structure of, 68-122 
vibrational structure of, 20-68 
resulting from equi\'alent electrons, 
331f. 

resulting from equivalent and non- 
equivalent electrons, 333f. 
resulting from non -equivalent elec- 
trons, 330f. 

resulting from separated atoms or 
groups of atoms, 281-296 
resulting from united atom or 
molecule, 277—279 
electronic term values, 142 
electronic transitions, 128-275, 445- 
482 

allowed, 128-133, 150-173 
of asymmetric top molecules, 244— 
271 

forbidden, 128, 133-142, 173-181, 
22 If., 265-271 
of linear molecules, 184-222 
rotational structure of, 183—275 
of spherical top molecules, 243 f. 
of symmetric top molecules, 222-243 
Stark effect in, 271, 274f. 
vibrational structure of, 142-183 
Zeeman effect in, 271-275 
electronic transition moment, see elec- 
tric dipole moment 

electronic transition probability, 151, 
173 

electronic wave function, see electronic 
eigenfunction 

electron impact studies, 486 
electron pair bond theorv, method, 304, 
352-376, 377 

electron population densities, analysis, 
379f., 384 

electron spin, 13f., 26, 73f., 87, 116f., 
219, 241, 271, 282, 330f., 335 
effect on Jahn-Teller instabilitv, 61, 

52f. 

electro valent, see ionic 
eleven-atomic molecules, 553-555, 663f. 
emission continua, 454f. 
emission progression, 143, 144, 151, 

169 

emission spectra, 128, 144, 156, 165, 
218f., 445, 478 

empirical designation of electronic 
states, 488 

energy formulae, see rotational levels; 
vibrational levels; electronic 
states; vibronic levels 
energy levels, see rotational levels, 
vibrational levels, electronic 
states, vibronic levels 
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energy level diagrams (see also indi- 
vidual molecules and correlation 
diagrams) : 

for Auger process, 456 
of bent — linear transitions, 195, 198 
for charge -transfer complexes, 428 
correlations for CH 4 , 362, 392 
correlations for HCO, 469 
correlation between linear and bent, 
121 

correlation between planar and non- 
planar, 23 

for transition showing effect 

of Jahn-Teller splitting, 161 
for E — E transitions, 239 
effect of spin -orbit interaction, 338 
for forbidden electronic transitions, 
140 

for hydrogen bonding, 424 
for linear — bent transitions (spin- 
doubling), 220 

for non-planar — non-planar, planar 
— non-planar transitions, 171 
for transition, 160, 190 

for transition, 159 

for progressions, 144, 210, 212 
rotational, 

for asjnnmetrie top molecules, 
I 110, 112, 249, 254, 267 
* for linear molecules, 71, 74, 78, 80 
for spherical top molecules, 100 , 
103 

for symmetric top molecules, 83, 
85,^ 88 , 91 
for sequences, 147 
vibrational, vibronic, for linear 
molecules, 24, 25, 32, 33, 35, 38 
vibrational, for quasi -linear mole- 
cules, 123 
vibronic, 

for (Cs^) molecules, 39, 55, 56 
for I> 6 /i {Cqv) molecules, 39 
enforced dipole radiation, 142 
equilibrium conformation, position, 
11, 40, 149, 343, 445f. 
in a degenerate {E) state, 40, 237 
different sjunmetry in different elec- 
tronic states, 130, 167f., 462 
equilibrium rotational constants 
(moments of inertia), 69, 82, 
99, 105 

equivalent atoms, orbitals formed 
from, 303t, 578£. 

equivalent electrons, states derived 
from, 331f. 

equivalent (localized) orbitals, 305 f., 
310f. 

ethane, see CaHe 
ethylene, see C 2 H 4 


ethylene flame bands, see CHO 
ethylene oxide, see C 2 H 4 O 
ethyl iodide, see C 2 H 5 I 
Eulerian angles, 131 
evaluation of rotational constants, see 
determination of . . . , and indi- 
vidual constants 

“even” levels of asymmetric top, 246 
even species, state (see also g), 11, 284 
exact resonance, 367, 370, 372, 377 
exchange degeneracy, 352 
exchange of electrons, 336, 352f., 377, 
396 

exchange of identical nuclei, 70, 459 
exchange integrals, energy, 336£., 353f., 
360f., 364, 371, 377 
excited electronic states, 327, 340, 
3751, 379, 411-419 

extended point groups, i5f., 53f., 136, 
411, 563-568 

extrapolation of convergence limit, 482 


f, number of vibrational degrees of 
freedom, 476 
oscillator strength, 418 
f(j, k), splitting function for tetra- 
hedral molecules, 10 If., 104 
/electrons (orbitals) of atoms, 405, 410 
/i» /2 molecular orbitals, electrons, 
332f., 378f., 409f., 413, 579 
fig. flu. h 9 ^f 2 u orbitals, 322f., 410, 579 
F, i^i, triply degenerate species, 
electronic (vibronic) states, 13, 
99f., 567f., 573f. 

F-i, F 2 ro vibronic levels of spherical 
top molecules, lOOf., 244 
F-^{J), F^iJ), . • rotational term 
values in Hund’s case (a), 75f. 
F 2 _{N), F^iN), F^iN), . . . , rotational 
term values (spin components) 
in Hund’s case (b), 73f. 
i^i(iVd, F 2 {N^), Fq{N^), . . rotational 
term values (spin components) 
of asymmetric top, 116 
Fj_{N,K), F 2 {N,K), Fq{N,K), rota- 
tional term values (spin com- 
ponents) of symmetric top 
molecules, 88 

Fq{N, K), rotational term values of 
symmetric top without spin, 88f. 
F 2 ^^\ F 2 ^-\ sub-levels of F 2 
vibronic level of spherical top, 
243 

Fl-jHJ), rotational 

term values in spherical top 
molecules, 99, 103f., 243 
FJJ), Ff{J), rotational term values in 
vibronic levels, 79 
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rotational levels in a 
given vibrational level, 69, 721. 
-^[u]('^t)> rotational term values of 
asymmetric tops, 104f. 

^ 9 X), rotational term values of 
symmetric tops, 82, 8M., 87 
Ka), rotational term values for 
near-prolate asymmetric tops, 
106, 109 

Eg, states of atoms, 574 
F 2 —A -1 electronic transitions, 243i. 

^7^2 — electronic transition (inter- 
combination), 136 

0 electronic (vibronic) state, species, 
10, 12, 81, 567 
<I) — <I> type band, 201f. 

F atom, 278 
F- ion, 410, 422f. 

F3 molecule, 289 
false origins, 177 
F2BO, 615 

feasible permutation, transformation, 
5f., 11 
Fe(CO)5, 125 

Fermi resonance, interaction, 21, 34, 
66, 72, 99, 118, 143, 164, 219, 
367 

Fermi statistics, 93, 114, 226 
ferrocene, see CioHioFe 
(FHF)- ion, 422f., 425 
figure axis, 194 

fine structure, see rotational structure 
first order Coriolis splitting, interac- 
tion: 

spherical top molecules, 103, 243i. 
symmetric top molecules, 841., 224, 
238 

first order Stark splitting, 126, 2741. 
five-atomic molecules, 526-533, 6191. 
di -hydrides, 5301., 6221. 
mono-hydrides, 5311., 625 
non-hydrides, 5321., 6261. 
tetra-hydrides, 526-528, 619 
tri -hydrides, 528—530, 6191. 
five-fold degeneracy, 373 
fixed nuclei, 9, 129 
fiames, 1, 218f., 455, 493 
flash photolysis technique, 1, 491, 493 
fluorescence spectrum, method, 1, 169 , 

4851., 497, 507, 543 , 550, 558, 
562 

fluorides of Xe and Kr, 397 
FNO, 455, 606 
F2O, 345, 360, 455 
F2O2, 618 

forbidden components of allowed elec- 
tronic transitions (see also for- 
bidden electronic transitions), 

1391., 1741., 241, 552 


forbidden electronic transitions, 66, 
128, 133-142, 477, 519, 556 
rotational structure, 2211., 2411., 

265-271 

vibrational structure, 173-181, 1771., 
180f., 519 

forbidden predissociation, 4611., 4711. 
forbidden sub-bands, 209, 268 
forbidden vibrational components of an 
allowed electronic transition 
(produced by vibronic interac- 
tion), 1391., 151, 163, 165, 1741., 
178, 185, 188, 2411., 260, 53Sf., 
55 If. 

forbidden vibronic transitions (made 
possible by Coriolis interaction), 
243, 247 

forces on nuclei in molecules, 384f. 
force constants, 181 
formaldehyde, see CH2O 
formic acid, see CH2O2 
dimer, 421, 423 

Fortrat diagrams, 187, 188, 191,203, 204 
four-atomic molecules, 28, 67, 2881., 
442, 513-526, 6091. 
di-hydrides, 517-622, 6111. 
monohydrides, 522-524, 6131. 
non-hydrides, 524-520, 6151. 
tri-hydrides, 513-517, 6091. I 

fractional bond order, 400 
Franck-Condon principle, 1541., 172, 
176, 203, 208f., 227, 51 2f. 
for antis\'mmetrie vibrations. 1521. , 

for continuous spectra. 421, 4451., 449 
for degenerate \’ibrations, 166 
for predissociation, 4631., 473, 476 
for totally symmetric vibrations, 

1491., ^ 176^ 

free electron model, orbitals, 403, 4041. 
free internal rotation, 1181., 365 
free radicals, spectra of (see also 
individual radicals), 1, 183, 417, 
485, 488, 493 

free valence of an atom, 353 
full symmetry group for rotational 
(ro vibronic) levels, 901., 93f., 

991., 1101. 

selection rules for, 197, 2231., 2461. 
fundamental (vibration), frequency of, 
143 

furan, see C4H4O 
furfuraldehyde, see C5H4O2 


g, even (gerade) species, state, 11, 18, 
132f„ 158, 284, 297, 333 
g22> anharmonicity constant for V2 of 
linear XY2, 32, 212, 217 
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gu, 9ik> anharmonicity constants, 20f., 
210 

gaay 9bbi> 9ccy rotational gr-factors, 124 
g^, rotational ^'-factor (tensor), 123f., 
126, 272 

statistical weight, 226, 232 
^-factor (Lande), 124i. 
g — g transitions, 268 
g, u rule, 18, 132f., 332f., 339 
Gg, G^, atomic states with L = 4, 574 
G, Gg, Gu, four-fold degenerate species 
of I and 1^, 50, 568 

Gz/.,, Gz/^g, four-fold degenerate 

double-valued species of T^, O, 
On, I, 4, 278, 339, 567f. 

G, Gq, Hougen’s quantum number 

for symmetric top molecules in 
degenerate levels, 92, 224 
Givj, V 2 , ■ . . ) vibrational term value, 
20, 142 

Gq{Vi, ^’2, . ■ • )» vibrational term value 
referred to lowest vibrational 
level, 21 

G{v 2 , X), vibronic term value in linear 
molecules, 30f. 

Gvk"^ ■» vibronic term value for large 
Renner-Teller interaction, 30^. 
y, radiationless transition probability, 
437 i., 471 

y, spin splitting constant, 73, 77^., 116f. 
r, Ff, r„, Fi^, F^®, . . . general (elec- 
tronic) species, 129, 134, 460i. 
Ga, valence of, 364 
GaCla, 603 

geometrical point groups, 5 
geometrical struct ure (parameters, 
data), 1, 155, 181, 259, 488-562, 
581-668 

“giant” Z-type doubling, 96 
glancing intersections, 444 
glyoxal, see C2H2O2 
gross atomic populations, 384, 389, 391 
ground states (see also individual 
molecules), 27 8 £., 284, 300f., 
471, 581-668 

from molecular orbitals, 340f., 343, 
345f., 348f., 375, 385-411 
group orbitals, 303£., 57 8£. 
group theory, iZ?f., iof., 23f., 303£„ 
328, 373 

H 

H, magnetic field intensity, 122f., 272 
H, Hamiltonian operator, 8, 45f., 336 
H atom wave functions, 296, 300, 302 
H2 molecule, 351f., 379, 389, 415, 439f., 

455 

Hs-" ion, 351, 377f., 380f., 382f. 

H3 molecule, 286, 289 


H3+ ion, 286, 289, 351 
H4, He molecules, 290 
half- integral spin, 15f., 278 
halfwidth, 457 

Hamiltonian operator, 8, 45f., 75, 336 
harmonic approximation, 182 
Hartley band of O3, 51 Of., 604 
Hartree -approximation, 303, 336 
Hartree-Fock self-consistent field 
method, 336£. 

HCl molecule, 368, 425 
HCIO, 590 

HCN, see CHN 

HCO, see CHO 
H2CO, see CH2O 
He2 continua, 455 

head of a band, 185, 187, 190 
head of heads, 148 
Heisenberg uncertainty relation, 457 
Heitler-London theory, 35 If., 362 
Heitler— Rumer theory, 354f. 
Hellmann-Feynmann theorem, 51, 385 
heterogeneous perturbations, 72, 118 
heterogeneous predissociation, 45 8f., 
461, 463, 468f. 
hexafluoride molecules, 167 
hexatriene, 404 
hexavalent state, 375 
HF molecule, 368, 422f., 424f. 

(HFa)- ion, 422f., 425 
H2F, instability of, 397 
HFCO, see CHFO 
HgBr2, HgBrI, 485, 602 
Hg(CH3)2, see CsHeHg 
HgCls, 156, 157, 485, 601 
HgCIBr, HgClI, 602 
Hgis, 485, 602 

Hill and Van Vleck formulae, 75, 81, 
190 

hindered rotation, 119 
HN3, hydrazoic acid, 4, 613 
HNCN radical, see CHN2 
HNO radical, 481, 49 6f., 589 

electronic structure of, 287, 289, 294 
predissociation of, 457f., 469, 497 
spectrum of, 259, 457 
HNO2, 466, 523, 614 
HO2, 590 

H2O molecule, 4, 67, 125, 140, 176, 410, 
422, 489f., 535 

dissociation and predissociation, 447, 
466, 468f., 484f, 

electronic structure, 278, 287, 289, 
292f., 299f., 393, 402f. 
of excited states, 342 f., 376, 403, 
412, 416 

of ground state, 278, 306, 310f., 
341, 343, 359f., 363, 385f., 388f. 
molecular constants, 585 
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observed electronic states, 149, Ml, 
342f. 

potential function, 4:Z9, 440, 444 
spectrum, 264, 265, 447f., 466, 469, 
489f. 

H2O dimer, 396, 426 

H2O, liquid, 

H2O+ ion, 343, 412, 4m. 

H2O2, 4, 295, 612 
H3O, instability of, 397 
homogeneous perturbations, 72, 118 
homogeneous predissociation, 455f., 
461, 463, 470 

homopolar binding, attraction, 351-428 
Honl-London formulae, 209, 226, 232 
hot bands, 159, 163, 171, 173, 1771., 
181, 184 

rotational structure of, 193, 200, 

2021., 2061., 218 
HPO, 497, 589 
HS2, 590 

H2S molecule, 125, 264, 360, 373, 422, 
447, 468, 472, 484, 4891. 
molecular constants, 5851. 

H2S+ ion, 472, 490 
HaSe molecule, 360, 447, 490, 5861. 
HSiBr, 137, 2691., 4971., 590 
HSiCl, 137, 2691., 4971., 590 
HaTe, 490, 587 

Huggins bands of O3, 5101., 604 
hump (barrier) in the potential func- 
tion, 1201., 170 

Hund’s case (a), 751., 126, 187, 2191., 
460 

Hund’s case (6), 731., 80, 82, 87, 126, 

1861., 2191., 222, 272, 460 
Hund’s case (c), 781., 186, 3371. 

Hund’s rule, 340, 343, 406f. 

HaXY molecules, 323, 324, 348 
hybrid bands, transitions, 2061., 211, 
238, 248, 260, 495, 539 
hybrid (hybridized) orbitals, 303, 307, 
308f., 311, 3631., 368, 375 
hybridization, 303, 3071., 317, 3611., 375 
hybridization parameter, 311 
hydrocarbon flame bands, 495f., 589 
hydrogen bonding, bond, bridge, 4211., 
424f., 428 

hydrogen-like orbitals, 299, 302 
hyperconjugation, 4001., 416, 542 
hypersurface, 7, 4291., 4421. 

I 

i, center of symmetry, 2, 11 
I, identity operation, 2, 5 
I, nuclear spin, 71, 931., 101, 114, 226, 
232 

Jb, Iq, moments of inertia, 69, 250, 
259 


equilibrium moments of 
inertia, 82, 84, 105 

I, point groups, 3, 5, 11, 50, 5681., 
573 

I“, iodine ion, 410 
la (iodine), 427 

icosahedral point groups, 3, 5, 50, 53, 
568f., 573 
icosahedron, 3 

identical nuclei, 51., 93, 114, 238 
identical potential minima, 51., 22, 

591., 119 

identity of the electrons, 3341. 
identity operation, 2, 5 
IF7, 4 

image point on potential surface, 432, 
446, 466, 481 
impact parameter, 477 
InBra, InCla, 603 

indistinguishability of the electrons, 335 
individual molecules, 488-562 
induced dipole moment, 420 
induction effect, 420 
inductive effect, 536 
inertial defect, 250 
infrared spectra, 1, 181, 184, 477 f. 
band types, 202, 225f., 2301., 248, 
251, 261 

effect of vibronic interactions on, 167 
selection rules, 129, 2231., 2451. 

Inia, 603 

in-phase overlap, 316 
intensity, 2061., 4171. 

of forbidden transitions, 1391., 141, 
209 

intensity alternation: 

linear molecules, 185, 1941., 199f. 
non-linear molecules, 2261., 232, 

2351., 238, 241, 246, 258, 260, 
516 

intensity distribution: 

in continuous spectra, 421, 451, 452f. 
in rotational structure, 202, 208, 216, 
226, 232, 251, 261, 269, 513 
tables, 264 
in Stark effect, 274 
in vibrational structure, 1481., 1521., 
155, 156, 1721., 176, 513 
anomalous, 151, 165, 166 
interaction: 

of different electronic states (see also 
resonance and mixing), 65-68, 
268 

of inversion and rotation, 119 
between orbitals (electrons) (see also 
hybridization), 319, 326 
of rotation and electronic (vibronic) 
motion (see also Coriolis interac- 
tion) 
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interaction: — cojit. 

asymmetric top molecules, I 
linear molecules, 69-82 
other types of molecules, 118-122 
in predissociation, 460i., 468i. 
spherical top molecules, 99-104 
symmetric top molecules, 82-99, 

^ 528 

of rotation and vibration, 68-122 
of vibration and electronic motion 
(see also vibronic interaction), 
21, 26f., 84f., 40f., 129, 13/f., 
lS7f., 265, 461 

interaction, Hamiltonian, 386 
inter combinations, 131, 136f., 173, 

193, 221f„ 242, 268, 2Tlf., 473, 
539, 558 

inter -electronic repulsions, 350 
intermolecular forces, 419-428 
internal conversion, 476, 562 
internal recombination, 447 
internal rotation, 118f. 
internuclear distances, 683-668 
intersections in orbital correlation 
diagrams, 313 

intersections of potential surfaces, 66, 
431, 443, 444f., 463, 466f. 
inverse dissociation, 45 4f., 479 
inverse predissociation, 454, 47 3f., 

47 6L, 47 Si., 48 Of. 

inversion, 61, 70, 92f., 101, lllf., 140, 
246, 459 

inversion component, 22, 170, 233 
inversion doubling (splitting), 22, 93f., 
Ill, 119, 135, 170f., 223, 227, 
246, 513, 515, 519, 526 
inverted states, 19, 75 
iodine-benzene complex. 426 
ionic -co\'alent (homopolar) resonance, 
36 Sf., 422f., 427 

ionic (electrovalent) states, 368f., 378, 
415, 427 

ionic structures, 402 
ionization continuiun, 429, 502, 551 
ionization limit (see also ionization 
potential), 340f. 

ionization potentials (energies), 1, 303, 
337, 344, 427, 490, 493, 544, 582 
of individual molecules, 490, 493, 
544, 683-668 
ionization processes, 429 
IrFe, 645 

irreducible representations (see also 
species), 10, 328 
irregular perturbations, 118 
isomorphous, 6 
isotope effect, 181-183, 194 
isotope shift, 168, 179, 182f., 463 
isotopic molecule, IS If. 


j, jii, quantum number in Jahn-Teller 
effect, 67, 63, 92, 96f., 165 
(+i), i-j) levels, 92, 94, 96f., 232 
j-tvpe doubling, 96f., 98f., 232, 235, 
238, 241 

J, total angular momentum, 69, 83, 
87, 122f., 221 

J, quantum number of total angular 
momentum, 69f., 82, 87, 104, 
122f., 244f. 

in predissociation, 45 8f., 46 8f. 
selection rule for, 184, 193, 197, 223, 
241, 244, 259 

J, Jif^, Coulomb integrals, 336, 353f., 

37 If. 

J', pseudo -inner quantum number, 19 
^ KaKc> asymmetric top designation, 
106, 214, 245 

J structure (see also band structure), 
206, 250, 253, 261 
Jahn-Teller effect: 

dynamic, 54, 55, 56f., 58f., 103, 161f., 
236 

angular momentum in, 63f. 
correlation of energy levels in, 60 
intensitv distribution for, 165, 166f. 
static, 40, 41f., 43, 44f., 47, 48, 49f., 
52f., 61, 97, 410, 443 
Jahn-Teller instability, see Jahn- 
Teller effect 

Jahn-Teller interaction, coupling (see 
also vibronic interaction), 41, 
49, 51, 52, 54, 59, 60f., 96, 99, 
126, 166f. 

examples, 410, 414, 525, 529, 545, 
561 

Jahn-Teller parameter (D), 55f., 97, 
99, 180 

Jahn-Teller splitting, 54, 158, 163, 
179f., 532 

Jahn-Teller states, components, 53, 167 

K 

k, Jahn-Teller parameter, 55 
k^, absorption coefficient, 418 

K, angular momentum about top axis, 

72, 83, 126 

K, quantum number of angular 
momentum about top axis, 83f., 
93f., 120, 126, 211, 458, 468 
selection rule for, 137, 181, 19 3f., 
197, 207f., 211, 221, 223f., 242, 
261, 268, 460 

K, quantum number of vibronic 
angular momentum, 26, 30f., 
36, 72, 75, 78 

K, Kijc, exchange integral (energy), 
336f., 353, 359, 371f. 
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Kb» parameter in potential function of 
quasilinear molecule, 120 
K + i, iiC_i (see also and Ka), 106 
Ka, Kc, quantum numbers of asym- 
metric top, 105f., 109, 117, 220 
selection rules for, 245, 248, 261, 268 
Ki, quantum number of internal 
rotation, ii<^f. 

K electrons, 313, 344 
K, point groups, 3, 5, 14f., 99, 277, 
568f. 

K structure of a band, 195, 202, 229^., 
251, 261, 547 

K-type doubling, splitting (see also 
asymmetry doubling): 
in linear molecules, 72f., 81, 185f., 
194, 199, 201f. 

in non-linear molecules, 96, 107f., 
207, 213f., 217, 247t, 256f., 
259, 262, 494, 504, 523 
/c, asymmetry parameter, lOSf., 124, 
251f. 

K, spin -rotation coupling constant, (^Sf., 

117f. 

Kekule structures (forms), 37 Ot'., 400 
Kerr effect spectrum, 275 
ketene, see C2H2O 
Kr compounds, 370 
Kramers degeneracy (theorem), 17, 
53, 337, 339 

Kramers doublets, 17, 54, 569 


Z, quantum number of orbital angular 
momentum, 29 6i., 340 
I, vibrational angular momentum, 24i., 
72f. 

h quantum number of vibrational 

angular momentum, 24f., 32, 
54r., 63f., 69f., 75, 120, 153, 
165, 169, 217 

selection rule for, 153, 165, 185, 207 
(_2) levels, 92f., 97f., 234 

selection rules for, 224f., 230, 240, 243 
Z-type doubling, 

in linear molecules, 28, 70, 72, 185, 
194, 202f., 205 

in non-linear molecules, 94f., 97f., 
119, 238, 241 
Z-uncoupling, 69 

L, electronic orbital angular momen- 
tum, 77, 116 

L, Li, Di, L 2 , quantum number of 
electronic orbital angular mo- 
mentum, 19, 282f. 

A, hybridization parameter, 311 
A, spin-spin coupling constant, 90, 118 
A, A{, quantum number of component 
of orbital angular momentum 


along internuclear axis for 
individual electron, 297, 299 
A, total electronic orbital angular 
momentum about linear axis, 
12, 75, 125, 283 

A, quantum number corresponding to 
A, 10, 12f., 19, 25f., 125, 275, 
281, 285, 459 

A-tvpe doubling, components, 28, 72f., 
75f., 96, 185f., 189, 194f 
Landau-Zener formula, 466 
Lande ^-factors, 123f. 

LCAO molecular orbitals, 300, 30 2 f., 
367f., 383, 386, 401 
LCAO self-consistent field molecular 
orbital method, 3364., 387f., 

390f. 

level density, 476, 479f, 
lifetime: 

of a collision complex, 442, 474, 479f. 
for radiationless transition (pre- 
dissociation), 457, 47 If., 474 
radiative, 418, 457, 472, 474, 562 
ligand atoms, ligands, 3224., 405, 407 
ligand field theory, 304, 323, 4054. 
ligand interaction, 351, 407 
ligand orbitals, 304, 407 
limits of continua, 482, 484 
line strength in a band, 226, 232 
linear— -bent transitions, 209, 210f., 
212f., 218, 220f. 

linear combinations of atomic orbitals 
(see also LCAO), 300, 3024., 
‘3614., 383, 386, 401 

linear — linear transitions, 168, 184-193, 
221, 272 

linear molecules, 34., 120, 124f., 136 
electronic structure, 12, 136, 281— 
287, 337, 576 
energy level diagrams, 

rotational, 71, 74, 80, 190. 195, 
198, 210, 212, 220 
vibronic, 24, 25, 27, 31, 32, 33, 35, 
159 

potential surfaces, 429, 430, 431f., 
435, 436f., 438, 441, 449 
predissociation of, 4594., 462 
rotational structure, 69-82, 154, 

184-222 

vibrational (vibronic) structure, 23- 
37, 158, 159f., 167 
linear Stark effect, 126, 274 
linear XH2 molecules, 312, 313f., 3434. 
linear XY2 molecules, 314, 315, 3444., 
4294., 4464. 

linear XYZ molecules, 441, 446 
Lissajous motion, 149, 155, 430, 433, 
437, 442, 445f., 454, 458, 4664., 
482f. 
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localization (see also delocalization), 394 
localized orbitals, 305i.^ 367, 399 
local symmetry, 328 
lone-pair orbitals (electrons), 311, 363, 
369, 417, 539, 547, 554 
luminescence, 478 

M 

m, running number in P and P branch, 
185 

M, dipole moment vector, 128f., 137, 
151 

M, Ms, magnetic quantum 

numbers, 122f., 271 
magnetic quantum number, 281^. 
M^, My, M^, components of transition 
(dipole) moment, 132^., 176f. 
Mg, electronic component of dipole 
moment, 129f., 174f. 

M^, dipole moment referred to space - 
fixed axes, 131 

M„, nuclear component of dipole 
moment, 129 
fjL, magnetic moment, 122 
p,, mixing parameter, 311 
p, permanent (electric) dipole moment, 
126f., 274f. 

p, spin-rotation coupling constant, 88f,, 
lllf. 

po, Bohr magneton, 124 
pifi, pEi component of p in the direction 
of H, E, 122, 125f. 

Pj, component of p in the direction of 
J, 125f. 

Pon, nuclear magneton, 123, 272 
magnetic dipole moment, see magnetic 
moment 

magnetic dipole radiation (transitions), 
134-136, 141, 113, 177, 222, 243, 
246, 276>f., 521 
magnetic field: 

effect on energy levels, 122-127 
effect on spectrum, 271-275 
effect on Bi.,, Ei-:,, . . . states, 16 
magnetic field intensity, 122 
magnetic moment, 14, 122f., 134, 504 
magnetic quantum number, 122i., 271 
magnetic rotation spectra, 27 3i., 507, 
539, 547 

magnetic splitting, 122i., 27 If, 

magnetically sensitive lines, 273 

main bands, 19 3f. 

main branches, 220 f, 

manifold of electronic states, 276-351 

many-eiectron systems, 299f. 

mass spectrometry, 471 

Mathieu functions, 108 

maxima in the potential surface, 482 

mean life, see lifetime 


mercury halides, 485, 601f. 
metastable ions, 47 If. 
methane, see CH 4 
methyl acetylene, see C 3 H 4 
methylamine, see CH5N 
Mg, valence of, 363 
MgCls, 363 

microwave spectra, 1, 250, 271, 275 
missing lines at beginning of branches, 
211, 231 

mixing of discrete and continuous 
states, 455f. 

mixing of electronic eigenfunctions 
(states) (see also interaction of 
electronic states), 19f., 65f., 

266, 367, 369, 427 

produced by spin -orbit interaction, 
137, 268 

produced by vibronic interaction, 
66f., 139f. 

mixing of orbitals (see also hybridiza- 
tion), 300, 303, 307f., 322f., 
361f., 391, 416 

mixing of vibronic states of different 
species by Coriolis interaction, 
243, 266 

Mo, hybridization in, 375 
MO, see molecular orbital 
moat, 54 

mobile electrons (see also tt electrons), 
400 

MoFq, 375, 544f., 644 
molecular beam spectroscopy, 271 
molecular complexes, 419, 426f. 
molecular constants, 580—668 
molecular orbitals, 297 f., 302f., 306, 
312-330, 379L 

derived from atomic orbitals of 
equivalent atoms, 57 8f. 

form of, 298 , 301 , 315 , 318 , 327 , 329 , 
380 

of individual molecules, see these 
molecular orbital method, theory, 296- 
351, 376-419 

applied to atoms with d or/ electrons, 
405f. 

applied to hydrogen bonding, 424f. 
molecular stability, 351-428 
molecular symmetry orbitals, see mol- 
ecular orbitals 

molecular wave functions, 330-339 
molecule -fixed coordinate system, 14, 
129, 131, 137 

molecule formation by emission of 
light, 45 4f. 

moment of inertia, 69, 82, 99, 105, 183 
mono -hydrides, 493-498, 522-524, 

531f., 540 

Morse function, 434 
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Morse-Lippincott function, 434 
multi -dimensional potential surface, 
150, 429-445 

multiplet electronic states, 13f., 73f., 
81f., 87f., 116f., 124, 126 
multiplet splitting, components, 14, 
17f., 73t, 75f., 811, 88, 89f., 
116f., 131, 159, 219, 220f., 411 
multiplet transitions, 131, 219f., 241, 
265, 272 

multiplication tables of species, IS, 
570-573 

multiplicity, 14, 131, 272, 283f., 287, 
354, 480 

mutual interaction of orbitals, see 
mixing of orbitals 

N 

n, principal quantum number, 3401., 
411 

n^, nj,, number of anti-bonding (bond- 
ing) electrons, 376 

n{i; a, r), partial net atomic population, 

383 

n{i', ar, bs), partial overlap population, 

384 

N, total angular momentum apart 
from spin, 73, 87, 116, 244, 271 
N, quantum number of total angular 
momentum apart from spin, 
14, 73, 77, 87, 1161., 125, 186, 
273, 460 

selection rules for, 2191., 2411., 244, 

2681., 460 

designation of N for asymmetric 
top, 117 

N{i), number of electrons in orbital 
iPi, 383 

Na, iV’s, normalization factors, 353 
vi, totally symmetric vibration, 182, 
432, 437 

V2, bending mode of triatomic molecule, 
437 

]/3, antisymmetric stretching mode of 
triatomic molecule, 433 
Vi, frequency of fundamental vibration 
(1 — 0 transition), 21, 143, 582- 
668 

Vk, frequency of antisymmetric vibra- 
tion, 151 

Vo, band origin, 185, 230f., 250f. 

vo^^, sub -band origin, 2501. 

yp, Vq, v?, origins of p, q, r sub-bands, 

2301., 233, 2381., 255 

voo> wave number of 0 — 0 band, 1421. 
Ve, origin of band system, 1421., 181 
N (nitrogen), hydrogen bond with, 423 
Ng radical, 189, 289, 345, 4991., 593 
naphthalene, see CioHa 


natural line width, 457 
NCN radical, see CN2 
NCO radical, see CNO 
nd, nda-^, nde orbitals, 3401. 

NDg (see also NH3), 229, 464 
ISTe atom, 278, 424f., 453 
near-intersections, 444 
nearly symmetric top, 1061., 193f., 

207, 247-261, 268, 496 
near-oblate top, 108, 248, 257 
near-prolate top, 1061., 248, 250 
near-resonance, 3671. 
negative rotational levels, 70, 75, 921., 
1111 . 

selection rule for, 184, 197, 223, 246 
net atomic populations, 381, 383 
neutron capture, as analogue of inverse 
predissociation, 479 
NF2, 289, 345, 606 
NF3, 360 
NH, 358 

NH2 radical, 170, 218f., 465, 493 
electronic structure, 2781., 289, 312, 
341, 343, 375, 417, 489 
molecular constants, 584 
spectrum, 1, 169, 183, 2131., 218, 
493 

spin doubling, 117f., 221 
NH2 + , 343 

NH3 (ammonia), 51, 98, 125, 234, 410, 
5151. 

binding energy, 358, 3601. 
electronic structure, 278, 2891., 292, 
306, 311, 355, 363, 376, 403 
geometrical structure, 412 
inversion in, 5, 12, 51, 61, 119, 171 
Z-type doubling, 95, 98, 119 
molecular constants, 5151., 609 
orbitals in, 3461., 3901., 393, 416 
predissociation, 456, 463, 464, 465f., 
468, 484f. 

spectrum, 1701., 227f., 229, 232, 234, 
235, 273, 5151. 

NH3 + , 51, 412 
NH4, 397 

N2H4 (hydrazine), 4, 6, 396, 630 
N3H (hydrazoic acid), 4, 613 
NiCla, 408 
Ni(C0)4, 125 

nine-atomic molecules, 5481., 6501. 
NO, 397, 421 

NO2, 118, 170, 211, 250, 273, 397, 474, 
481, 486, 507, 508f. 
molecular constants, 602 
orbitals, 3441. 

predissociation, 470, 483f., 508f- 
5091. 

NOa", 410 

NO3 radical, 525, 615 
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N 2 O, 125, 284, 369, 414, 505, 506f. 
dissociation, 471, 505 
molecular constants, 595f. 

N 2 O + , 189, 414, 472, 499, 506f., 593 
N 2 O 4 , 4, 295, 397, 638 
N 2 O 5 , 643 
NOCl, 4, 606 

nodal surfaces, planes, 298, 325f., 329 
non-bonding electrons, orbitals, 376, 
412, 416f. 

non-central collisions, 477 
non-crossing rule, 442f., 486 
non-degenerate electronic states, 9, 
20-23, 122f., 128, 225f., 230, 272 
non -degenerate Aubrational (vibronic) 
levels, 82, 83f., 99 f., 10 U. 
non-equivalent electrons, states de- 
rived from 330f., 333 
non-hydrides, 498-513, 524-526, 532f., 
'' 540i. 

non-linearity, proof for, 168, 196 
non-linear — linear transitions (see also 
bent — linear transitions), 172f. 
non-linear molecules (see also sym- 
metric top, spherical top, asym- 
metric top molecules), 12^., 272, 
287-296, 344t, 459, 462f. 
degenerate states in, 37-65, 126, 
161f., 273 

potential function of, 41, 43, 44, 
47, 48, 49, 52, 58 

non-linear triatomic molecules (XYZ, 
XYs, XH 2 ), 287f., 293f., 341f., 
344L, 437L, 447 
non-localized orbitals, 305, 396 
non-planar equilibrium conformation, 
correlation of levels to planar 
equilibrium conformation, 22 , 
23 

non-planar molecules, 22f., lllf., 119, 
246, 289, 318f., 320, 321, 346f., 
390 

non-planar — non-planar transition, 
170, 171 

non-rigid molecules (i.e., with feasible 
transformations between diff- 
erent conformations), 5f., Ilf., 
60f. 

non-rigid top (i.e., including centrifugal 
stretching), 82, 114f. 
non-totally symmetrical, 40, 17 4i. 
normal coordinates, modes, 40f., 42f., 
45f., 47, 50f. 

normalization factors, integrals, 353, 
361 

normal Zeeman splitting, 126, 221, 
272f. 

np, npai, npbi, npb2, npe orbitals, 341f. 
NpFe, 645 


7is, nsai orbitals, 34 If. 
nuclear magnetic resonance, 271 
nuclear magneton, 123, 272 
nuclear motion, separation from elec- 
tronic motion, 9, 129 
nuclear physics, radiative recombina- 
tion in, 479 

nuclear spin, 71, 93f., 114, 202, 226, 
238, 246 

nuclear statistics, 71, 93, 114, 226 

O 

o branch of sub -bands, 266 
0 -form branch, 191, 221 
O point group, molecule, 11, 50, 101, 
332, 567, 57 3f. 

Oy^ point group, molecule, 3, 5, 11, 50, 
55, 101, 277, 297, 332, 339 
Table of characters, direct products, 
etc., 567, 569, 573f., 579 
cOi, vibrational frequency for infinitesi- 
mal amplitude, 20, 142f., 181 
ojf, vibrational frequency for isotopic 
molecule, 181 

cof, vibrational frequency, 21, 142f., 
145 

CO 2 , bending frequency in triatomic 
molecules, 30 
(a», co) coupling, 337 
oj, d 3 , abbreviation for 46 

total electronic angular momentum 
about internuclear axis, 18f., 26 
Q, quantum niunber of total electronic 
angular momentum about inter- 
nuclear axis, 18f., 26, 460, 546 
D-type doubling, 78 
(De» <^) coupling, 337 
O (oxygen), hydrogen bond with, 421 f. 
O 2 , as imited molecule, 279, 349 
O 3 (ozone), 125, 289, 345f., 510f., 604 
O4, 617 

oblate symmetric top, 83f., 106, 108, 
124, 229, 231, 240, 245, 248f., 
253, 257, 265 

oblique coordinate system for potential 
surfaces, 430, 432, 433 
OCS molecule, 125, 599f. 

OCS + , 594 

octahedral complex, 350f. 
octahedral field, 350, 406 
octahedral molecules, 3, 5, 104, 309f., 
322, 323, 375, 410 

octahedral orbitals, hybridization, 373, 
375 

“odd” levels of an asymmetric top, 
246 

odd species, state {u) (see also u), 11, 
284 

OF 2 , 345, 360, 455 



SUBJECT INDEX 


721 


ONCl, 4, 606 
one -electron bond, 377f. 
one -valued (single -valued) representa- 
tions, 15, 18, 51 
ONF, 606 

optical activity (rotatory dispersion), 
136 

orbitals : 

classification of, 296-312 
correlation of, 312-330 
form (shape) of, 301, 305, 308, 315, 
318, 327, 329, 396 

mathematical form of, 299f., 362, 
377, 386 

nodal surfaces of, 298 
non-crossing of, 316 
order of, 312-330 

orbital angular momentum, 12i., 125, 
296, 299 

orbital degeneracy, 51, 335 
orbital energies, 312-330, 346, 387 
orbital magnetic moment, 126 
orbital wave functions (see also orbi- 
tals), 9f., idf., 385 

orbitally (non-)degenerate electronic 
states, see (non-) degenerate elec- 
tronic states 

order of the electronic states, 296, 340, 
376 

order of the orbitals, 312-330, 344 
organic dyes, color of, 416 
orientation effect, 420 
origin of a band system, 142, 177, 
181 

origin of (sub-)band, 185, 230f., 238i., 
250i., 255 

ortho para rule, 246 
oscillator strength, 418 
OsFq, 645 
OSO 4, 4, 533, 628 
out-of-phase overlap, 316 
out-of-plane bending vibration, 22f., 
233 

over-all (total) electronic eigenfunc- 
tion, 14f., 288, 297 

over-all (rovibronic) species (sym- 
metry), 70, 90f., lOOf., llOf., 
112f., 197, 235 

selection rules for, 197, 223f., 238, 
242, 244, 246f., 266, 268, 460 
over-all splitting in Zeeman- and 
Stark-effect, 126, 272, 274 
overlap of atomic orbitals determining 
strength of binding, 316, 359, 
362f., 365, 377 
overlap integral: 

of atomic orbitals, 379 
of vibrational eigenfunctions, 149 , 155 
overlap population, 381f., 388f., 391 


overlap principle, 359 
oxalyl chloride, see C2CI2O2 
ozone, see O3 


Pi, Pic, linear momenta, 8 
Pv, splitting constant for P-type 
doubling, 79 
p bonds, 360, 362 

p branch of sub-bands, 230i., 240, 251, 

252 

p-fold axis of symmetry, 2f. 
p-fold rotation-reflection axis, 2 
P {Pxi Py, Pz) orbitals, electrons, 296f., 
304, 305, 327, 340^., 358, 364, 
365f. 

2p {2p^, 2py, 2pJ orbitals, electrons, 
304, 306, 321, 328, 329, 359, 
397f. 

p valence, 358f., 364 
P, vibronic angular momentum includ- 
ing spin, 25f. 

P, C[uantum number of vibronic 
angular momentum including 
spin, 26, 35f., 81 
P, general point group, 280, 563 
P , permutation of electrons, 335 
Pg, Pu atomic species, states, 280, 574 
P branch (lines), 184f., 194, 199, 203, 
214, 230, 232, 238, 244, 249, 
253t, 272 

intensities in, 226f., 232, 275 
P head, 189 
Pc^ Pd branches, 202 
PP, ’■P branches, 214, 232 i 

Qrp, qtp qpp qnp srp or p I 

branches, 261 | 

P, P levels, 199 
P, Q, R structure, 200f,, 251 
P-type doubling, 75f. 

9, pi, azimuthal angle, 299 
Ph, I5 orbital function of H atom, 
303 

9or> pbs^ orbital fimctions of com- 
ponent atoms, 328f., 37 9i. 

<I> electronic state, 10, 12, 81 

<I> vibrational level, 71 

^ vibronic level, 29 

<1> — A band, sub-band, 187, 205, 207 

<l> — O band, sub-band, 201f. 

€>— S band, sub-band, 209 
TT, bonding orbital, electron, 417, 548, 
553 

TT*, anti-bonding orbital, electron, 417, 
548, 553 

TT bonds, bonding, 364, 365, 366, 371, 
394, 396, 409 

TT components of p orbitals, see tt 
orbitals 
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7 T orbitals, electrons: 

in ethylene, benzene, etc., 327^ 328f., 
349f., 365, 401, 404, 410f., 413f., 
539, 549f., 557, 560f. 
of linear molecules, 297, 299 
Itt, 277, Stt, . . . orbitals, 297 
TTg, TTu orbitals, 297, 316 
Tr'^ — n transition, 417, 547, 554 
77'*'— 77 transition, 417, 548, 554 
n, rig, electronic states, 10, 12, 25, 
72f. 

infrared spectrum, 167 
Renner-Teller splitting in, 26, 27f., 
31, 32, 33f., 180, 211, 212, 217 
n ^ , n “ components of a 11 state, 28 
n( + )^ H(-) components of a IT state, 
25 

electronic state, 72f. 
electronic state, 18, 25, 34, 35f., 
74f., 76, 79, 80, 126 
electronic state, i7f., 37, 38, 74, 
82, 126, 136 

n vibrational level, 25, 10 
n, Ilg, riu vibronic levels, 24i,, 28£., 
31, 71 

n — A predissociation, 462 
IT — A transition, band, sub-band, 133, 
207 

— *^A (vibronic) band, 187£. 

II — n transition, band, sub-band, 133, 
201f., 207, 238 
m-m band, 184f., 202 
^n-^n band, 160f., 186, 189, 191, 
192, 499, 537 
^n-^n band, 192 

n-S band, 185£., 194£., 199£., 205, 207 
**■11 — band, transition, 158, 159, 

184£., 272£. 

^Ug — ^Xg forbidden transition, 179, 
180 

(vibronic) band, transition, 
187, 188f. 

— **^5] transition, 193 

— band, transition, 161, 19 2£. 

4^e") electronic eigenfunctions, 
5f., 12£., 21, 128£., 330 
^es, electronic eigenfunction including 
spin, 14, 17, 21, 131, 136 
^esvj vibronic eigenfunction including 
spin, 22 

ipevf vibronic eigenfunction, 2if., 129, 
138, 174f. 

rotational eigenfunction, 131 
ijjy, iffj, xjj/, vibrational eigenfunctions, 
21, 129, 149L, 451£. 

tpTjr, wave function corresponding to 
nuclear motion (vibration and 
rotation), 8 

• • • hybridized orbitals, 307£, 


ifsi, Jp 2 ^ ■ ' ■ symmetry orbitals, 299£., 
302 

ijsi, ^ 2 ? ^ 3 ? ^45 tetrahedral orbitals, 310 
ilf 2 ^ • • • molecular orbitals, 300, 302, 
306f. 

ijji, molecular orbitals, 299, 379 
^{Px)^ 4^{py)> ^iPz) component func- 
tions of p orbitals, 305£. 

P 4 (phosphorus), 4, 290 
parallel band, transition: 

in bent-linear and linear-bent transi- 
tions, 193£., 199, 202£., 209, 
210 

in slightly asymmetric tops, 248, 

249f. 

in symmetric top molecules, 223£., 
225£., 227 

parallel component, 224£., 238£,, 248 
paramagnetic resonance, 271 
parent ions, 472 

parity (see also positive, negative 
rotational levels), 771 f., 282, 459 
parity (selection) rule, 197, 223, 246, 
459 

partial gross (atomic) population, 384 
partial net atomic population, 383 
partial overlap population, 384, 389, 
391 

Pauli principle, 288, 330-339, 340, 
352£., 377 
PBr 3 , 618 
PCI3, 360, 618 
pentagondodecahedron, 3 
permutation of the electrons, 335 
permutation -inversion group, 5, 61 
permutation symmetry, 5, 61 
perpendicular band, transition: 

in bent— linear and linear-bent transi- 
tions, 193£., 199, 203£., 209, 
210 f. 

in slightly asymmetric top molecule, 
248, 251, 252f., 254f., 258£. 
in symmetric top molecule, 223£., 
230f., 233£., 236, 237 
perpendicular component, 225, 238f., 
248 

perpendicular C 2 H 4 , 281, 394, 395, 415 
perturbation function, energy, 29, 68, 
353, 443 

perturbations, heterogeneous, Coriolis, 
77f., 99, 118, 264 

perturbations, homogeneous, Permi, 
77f., 99, 118, 146, 264, 367f. 
perturbations, mutual, of electronic 
states (see also mixing, interac- 
tion), 19f., 65, 274, 420 
perturbations, vibronic, 66f. 

PF 3 , 618 

PH 2 , 121, 265, 376, 493, 585 
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PH3, 360, 513, 610 
phenyl radical, 66 S 
phosgene, see CCI2O 
phosphorescence, 1, 137, 552, 558 
photo-dissociation (-decomposition), 
445-455, 4561., 465, 482, 485 
photoionization, 509, 541 
physical constants, 6691. 
planar HgXY, 323, 324 
planar molecules, 221., 84, 1111., 223 
226, 246, 250 

planar — non -planar transitions, 1 70, 
171 

planar XHg, XY3 molecules, 47, 2891., 

3181., 320f., 3461. 

planar X2H4 molecules (C2H4), 281, 
324, 325, 394, 396 
plane of symmetry, 2 
POCI3, 627 
point groups, 21. 

for non-rigid molecules, 6, 11, 51, 
119 

point of intersection of potential 
functions, 466f. 

polarization of lines in magnetic and 
electric fields, 271, 274 
polarization of one molecule by 
another, 420 
polyene, 405, 416 
polyhedral molecules, 323 
polymers, 419 

population analysis, 3791., 388, 391 
positive rotational levels, 70, 75, 921., 
1111 . 

selection rule for, 184, 197, 223, 246 
potential barrier, 5, 119, 120f., 218, 
357f., 396, 439 

potential curve (see also potential 
function), 172, 429 

potential (energy) function, 149, 1721., 
181, 246, 4331., 437f. 
for bending vibration in linear 
molecule, 27, 172 

in degenerate state of non-linear 
molecule, 40, 41f., 43, 44f., 47, 
48, 49, 51, 52, 58 

potential hump, see potential barrier 
potential ridge, 451, 466f., 470, 473 
potential (energy) surfaces, 71., 151, 
351, 429-445, 446, 451, 477 
of CO2, 430, 431f., 435, 436f. 
distortion by Jahn-Teller effect, 44, 
46, 47, 48, 52, 58 
of HCX, 437, 438, 441 
of H2O, 439, 440 

intersection of, 66, 443, 4441., 4631., 
4661. 

of linear XYZ, 357 
of repulsive state, 431, 449, 450 


predissociating (“metastable”) ions, 
472 

predissociation, 169, 183, 274, 429, 
434, 445, 455-484, 523, 536, 562 
case I (by electronic transition), 
458, 4631., 4691., 471 
case I, forbidden, 472 
case II (by vibration), 458, 4691., 

4711., 477 

case III (by rotation), 458, 473 
criteria for, 4561. 
dependence on J and K, 4681. 
in HCN, 200, 466, 494 
in HCO, 213, 4681., 496 
in H2CO, 470, 476, 478, 484, 522 
heterogeneous, 4581., 461, 463, 468f. 
in HNO, 458, 469, 497 
in H2O, 264, 4681., 484, 490 
homogeneous, 4581., 461, 463, 470 
inverse, 454, 4731., 475, 4781., 4801. 
in NH3 (ND3), 229, 457, 463, 464f., 
468, 484f. 
in NO2, 483, 509 
scdection rules for, 4581. 
types of, 4581. 

predissociation limit, 4671., 469, 473, 

4821., 500 
pre- ionization, 455 
pressure broadening, 421, 454 
principal axes of inertia, 82, 109, 2081., 

211 

principal quantum number, 297, 303, 

3401., 411, 415 
principal sequence, 149 

product resolution of molecular wave 
function, 21, 1291., 151 
progression of bands: 

in absorption, 143, 144, 145f., 151, 
168, 203, 445 

anomalous intensity distribution, 
151, 165, 166f. 

in an antisymmetric or degenerate 
vibration, 152, 1651., 176 
in a bending vibration, 172, 21 Of. 
in emission, 143, 144, 151, 169 
intensity distribution, 1481., 1521., 
155, 1721. 

progression of progressions, 143 
prolate S3mimetric top, 82, 83f., 106, 
108, 124, 193, 231, 240, 245, 
248f., 253, 257, 261 
propenal, see C3II4O 
propylene, see CaH© 
propynal, see C3H2O 
propyne, see C3H4 

proton capture, as analogue of inverse 
predissociation, 479 
pseudo -continuum, 429, 474, 507 
pseudo -parallel bands, 235, 532 



724 


SUBJECT INDEX 


PtFg, 645 
PuFg, 645 

“pure valence” state, 356^. 
pyrazine, see C4H4K2 
pyridazine, see C4H4N2 
pyridine, see CsHsIST 
pyridine-N -oxide, see C5H5NO 
pyrimidine, see C4H4N2 
pyrrole, see C4H5N 


q, electronic coordinates, 21, 129 
q, constants of j-tvpe doubling, 97, 
99, 255 

g, g2» constants of Z-tvpe doubling, 

70, 72, 95L 

g^, constant of Z-type doubling in A 
vibrational levels, 70 
ge, constant of A-type doubling, 72 
gey, constant of A"- type doubling, 72 

gy®°^-, components of splitting 
constant for Z-type doubling, 95, 
97 

g branch of sub -bands, 238, 266 
Q, general point gi’oup, 280, 563 
Qi Qoy Q 2 > nuclear coordinates, 21, 41, 
129 138 

Q branch (lines), 184f., 194, 199, 201f., 
214, 230, 232, 238, 244, 249, 
253f., 264 

intensities in, 226f., 232, 275 
shading of, 253f. 

V-form branches, 191 
Q head, 185, 189 
Q levels, 199f. 

Q states (corresponding to transfer of 
an electron from a non-bonding 
to an anti -bonding orbital), 416 
Qc, Qd branches, 202 
^Q, ’'Q branches, 221, 232 

""'Q, . . . branches, 

261 

^*^215 ^Qi 2 satellite branches, 190 
quadratic Stark effect, 127 
quadrupole moment, 134 
quadrupole radiation, 134f. 
quantum numbers, designation, 13 
quasi-linear molecules, 119, 120f., 122, 
123, 495 

quasi molecule, 453 
quenching parameter {d) for Jahn- 
Teller effect, 64f., 126 

R 

Tq. internuelear distance (including 
zero-point motion), 583-668 
r^, distance from H, 300 
r branch of sub-bands, 230f., 240, 251, 

252 


B, hypothetical symmetry element for 
extended point groups, 15, 563f. 
B, internuelear distance, 353 
B, rotational quantum number in 
spherical top molecules, 103 
i?5, Bq, centrifugal stretching constants 
(see also D 2 and D^), 108 
B.^, By, rotations about x, y, z 
axes, 11, 134, 563-568 
B^r^,,, Bq^^ electronic transition mo- 
ment, 128, 130, 138, 149f., 172f., 
417f. 

Be'v'e"v"-> vibronic transition moment, 
129f., 137, 151, 158, 174 
Be'v'r'e"v"T"‘> general transition moment, 
131, 138 

rotational transition moment, 149 
By>y», vibrational transition moment, 
149f., 172f. 

B branch (lines), 184f., 194, 199, 203, 
214, 230, 232, 238, 244, 249, 
253L, 272 

intensities in, 2261., 232, 275 
Be, Ba branches, 202 
^B, ^B branches, 214, 232 
^^B, ^^B, ^^B, °^B, . . . 

branches, 261 
p, isotopic factor, 182 
p, electron density, 379 
pi, distance from axis, 299 
p-tyjpe doubling (splitting), 791., 187f. 
radiationless decomposition, 4551., 472 
radiationless lifetime {ti), 457, 472 
radiationless transitions, 4561., 461, 463 
radiationless transition probability (y), 

4571., 4591., 479 
radiative capture, 479 

radiative lifetime {tj), 454, 457, 472 
radiative (two -body) recombination, 

4541., 4731., 4761., 4791. 
radiative transition, 457f., 473, 480 
Raman spectra, 1, 167, 233, 250 
rare earth atoms in molecules, 410 
rate constant, 471 
recombination, 429, 4541., 4761. 

in a three-body collision, 4791. 
in a two -body collision, 4731., 479 
recombination continuum, 454 
recombination yield, 454, 4741., 4771., 
4801. 

ReFe, 645 

regular states, 19, 75 
Renner parameter (e), 30f., 361., 7P,189 
Rermer-Teller effect, 261., 341., 1581. 
for strong coupling, 301., 33f., 2131., 
217, 343, 490, 493, 496 
Renner-Teller interaction (coupling), 
33f., 35, 72, 80, 120, 181, 188, 
343, 490, 493, 496 
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Kenner-Teller splitting, 31, 76f., 

158, 179f., 187, 188, 189, 211, 
212f., 498f., 518 
in a non-linear molecule, 45 
Kenner-Teller states, 213 
representation (see also species), 10, 
328 

repulsion between atoms or groups, 
355, 381, 420 

“repulsion” between orbitals, 314, 316, 
319 

repulsive potential surface (state), 
449, 450, 452f. 
residual valencies, 419 
resolution of species of symmetric 
point groups into those of 
lower symmetry, 277, 287, 574- 
577 

resonance : 

in the molecular orbital method, 
377U 383, 396, 536 
in the valence-bond method, 366f., 
394, 400, 402, 422 
resonance degeneracy, 284, 377, 421 
resonance energy, 367, 37 If., 400 
resonance integral (^), 328, 377, 400f. 
resonant capture, 479 
“resonating” structures (states), 367f. 
resultant electronic angular momentum 
(52), 18, 26 

resultant electronic orbital angular 
momentum (A), 12, 125, 283f. 
resultant spin, 13, 271, 282, 330 
resultant vibronic angular momentum 
(P, It), 26, 87 
resulting states: 

from electron configuration, 330 f., 
337 f. 

from separated atoms, 281-296 
ridge of intersection of potential 
surfaces, 444, 451, 466f., 470, 
473 

rigid molecules, 6, 61 
rotation of a molecule, 11, 68-122, 138 
rotation of the plane of polarization, 
273 

rotational analysis: 

asymmetric top molecules, 249f., 
255f., 264 

linear molecules, 186f., 199f., 206, 

212f. 

symmetric top molecules, 229, 23 3f. 
rotational angular momentum, 63, 103 
rotational barrier to (pre-) dissociation, 
473 

rotational constants (see also A, B, C), 
68-122, 183-271, 581-668 
rotational eigenfunction, 70, 90f., 109f., 
131, 209, 245 


rotational -electronic interaction, 72, 
86f., 99, 101, 141, 459, 462 
rotational energy levels: 

asymmetric top molecules, 104-118 
linear molecules, 69-82 
molecules with free (hindered) inter- 
nal rotation, 118f. 
molecules with inversion doubling, 119 
quasi-linear molecules, 119f., 121 
spherical top molecules, 99-104 
symmetric top molecules, 82-99 
rotational energy level diagrams: 

asymmetric top molecules, 105, 110, 
112, 249, 254, 267 

linear molecules, 71, 74, 78, 80, 190, 
195, 198, 210, 212, 220 
spherical top molecules, 100, 103 
symmetric top molecules, 83, 85, 

88, 91, 239 

rotational fine structure, see rotational 
structure 

rotational magnetic moment, 124f. 
rotational perturbations, 71f., 118 
rotational quantum numbers, see K, 
J, etc. 

rotational selection rules (see also 
individual quantum numbers), 
131, 138, 184, 219, 221, 223f., 
242f., 244-247, 248, 268. 271 
rotational (as;\Tnmetric top) species, 
109, llOf., 112f., 114f.. 245 
rotational structure of electronic states, 
68-122 

asymmetric top molecules, 104-118 
linear molecules, 69-82 
other types of molecules, 118-122 
spherical top molecules, 99—104 
symmetric top molecules, 82-99 
rotational structure of electronic tran- 
sitions, 183-271 

asymmetric top molecules, 244-271 
linear molecules, 184-222 
spherical top molecules, 243f. 
symmetric top molecules, 222-243 
rotational sub-group of a point g^oup, 
90, 94, 99, 110, 113f., 197, 223, 
246, 459 

rotational term values, see rotational 
energy levels 

rotational transitions in electronic 
bands, see rotational structure 
of electronic transitions 
rotation -induced (heterogeneous) pre- 
dissociation, 45 8f., 461, 463, 

468f. 

rotation-vibration interaction, 69, 82, 
105 

ro vibronic (over- all) eigenfunctions, 
70, 90, 92, llOf. 
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rovibronic interaction (see also Coriolis 
interaction), 97i., 243, 247 
rovibronic levels (see also rotational 
structure of electronic states), 
68-122 

rovibronic selection rules, 197^ 2231., 
238, 241f., 244, 2461., 251, 266, 
268, 460 

rovibronic species (see also rovibronic 
selection rules), 70, 90, 91f., 
lOOf., llOf., 197, 235, 243 

rovibronic transitions (see also rovi- 
bronic selection rules), 247 
running number, 297, 340f. 

IIUO 4 , 628 

Russell-Saunders coupling, 19 
Rydberg correction, 341, 343, 414, 416, 
516 

Rydberg formula, 341 
Rydberg orbital, 298, 340f., 350, 416 
Rydberg series of states, 340f,, 414 
Rydberg series of transitions (see also 
individual molecules), 344, 412, 
414 

Rydberg states (see also individual 
molecules), 69, 339, 341i., 344, 
347f., 411L 

Rydberg transition (see also individual 
molecules), 413, 418 


s, see symmetric rotational levels 

51, Si, electron spin, 330 

s branch of sub -bands, 266 
s, 2s, ns, . . . orbitals, electrons, 296, 
305f., 340, 361f., 365 
nsQi, . . . molecular (Rydberg) 
orbitals, 340, 342f. 

S, normalizing integral, 353, 361, 419 
S, resultant spin, 13, 75, 87, 116, 271, 
282, 330 

S, quantum number of resultant spin, 
13, 126, 282, 285, 3301., 354 
selection rule for, 131, 136, 268, 271, 
459, 473 

Sg, Sy_ atomic states, molecular species 
derived from, 57 4f. 

S-fovni branch, 191, 221 

5 2 , S^, Sq point groups, 2, 4, 50 
S states, valence theory for, 353f. 

state of carbon, tetravalency of, 
355, 361f. 

or, spin variable, 312 
cr, bonding electron (orbital), 417 
or*, anti-bonding electron (orbital), 417 
a, o-y, <jd, plane of symmetry, 2f. 
or bond, bonding, 364, 366, 370, 394, 
409 

a orbitals, electrons, 297, 299, 364, 401 


la, 2a, 3a, . . . , la^, 2ag, 3ag, • . . 

orbitals, 297, 312f. 

a^, a„ orbitals, 297, 312, 316, 377, 381, 
382 

vibration, 179 
a* —a transition, 417, 527 
2 , quantum number of component of 
spin, 36, 126, 460 

2, 2'*', 2" electronic states, 10, 12 , 25, 
27, 211, 217 

resulting from separated atoms, 
282f., 284f. 

selection rule for, 133, 460 
^2 electronic states, 69f., 73 
^2 electronic states, 73, 74f., 186 
®2 electronic states, 73, 74f., 125 
2, 2*^, 2“ vibrational levels, 25, 7 Of. 

2, 2g, 2„, 2''", 2“ vibronic levels, 25, 
29f., 31, 71, 126, 180, 218 
^2, ^2'*’, 22" vibronic levels, 35, 37, 
74, 77, 78f., 80, 126, 190 
32, ®2’'', ®2" vibronic levels, 37, 38, 
82, 126 

2 — n, ^2 — electronic transitions, 
bands, 133, 139, 184, 272 
2 — n type sub -bands of bent — linear 
transitions, 203, 204, 205, 207 
22 — 2 X 1 electronic (vibronic) transition, 
band, 140, 187, 188, 189 
32 _ sfl electronic (vibronic) transition, 
band, 192f. 

2 - 2 , 2+-2 + , 2 " - 2 ", ^ 2-12 elec- 
tronic transitions, bands, 133, 
185, 202 

22 — 22 electronic transition, band, 186 
®2— ^2 electronic transition, band, 193 
^2 — ^2 electronic transition, band, 
192, 492 

^ 2 ^'^ — ^ 2 ^^ forbidden electronic transi- 
tion, 139 

2 "^— 2 ", 22 -_ 2 y;+ forbidden pre- 

dissociations, 460, 468 
2—2 type sub -bands of bent — linear 
transitions, 194, 199, 201, 207 
2 " — 2 + type forbidden sub -band, 201, 

" 209 

22 + — 22 , 22 + __ 22 - ^ 22 - _ 22 + ^ 

22 "— 22 " vibronic sub -bands, 
189, 190, 191 

^2^ — 22| vibronic transition, 190 
S atom, valence of, 373, 375, 423 
Ss (sulphur), 4 

saddle point, 43, 44, 47, 48, 470 
sandwich molecules, 411 
satellite branches, 190, 220f. 
saturation of valencies, 356, 396f., 419 
Schrodinger equation, 8, 298 
Schumann-Runge bands of O 2 , 349, 
533 
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S2CI, 607 

Se atom, valence of, 375 
SeBr2, 608 
SeCls, 607 

secular equation, 45, 386 
selection rules, 128^., lS7f., 150^., 167, 
i74f., 223f., 244f., 461 
for the asymmetric top species, 245, 
255, 261, 266 

for electronic transitions, 128-133 
for forbidden transitions, 133—142, 
174f. 

for intercombinations (triplet— sing- 
let transitions), 136f., 242, 268i. 
for inversion doubling, 170f. 
for j, 165 

for J, 184, 197, 221, 223, 241f., 244, 
270, 459 

for K, 137, 193, 197, 211, 221, 223f., 
242, 268f., 460 

for Ka, Kc. 245f., 248, 251, 261 
for ( 4- ? ^ ) levels, 224f., 230, 243f. 
for magnetic dipole and quadrupole 
radiation, 134{. 
for N, 2191, 242, 244, 268 
for the over-all (rovibronic) species, 
184, 197, 223i., 244, 246t, 248f., 
266i. 

for predissociation, 455, 458i. 
for spin^, 13H., 136, 459, 473 
for vibrational (vibronic) transitions, 
137i., 148, 150f., 152, 167i., 170, 
17 4i. 

for vibronic perturbations, 66i. 
for Zeeman and Stark effects, 271 
selenophene, see €411486 
self-consistent field approximation, 
method, 303, 336, 387f., 390f., 
403 

SeOa, 455, 606 

separably degenerate states, species, 9, 
16, 563 

separated atoms (groups), building-up 
from, 276, 281-296, 299 
separated atom orbitals (see also 
equivalent atoms), 299, 302, 344 
sequences, 146, 147, 148, 152f., 157, 
162U 164, 176, 179, 532 
intensity distribution in, 155, 156 
set of identical atoms, 287 
seven-atomic molecules, 541-545, 640f. 
seven-fold axis, 51 
SFe, 5, 373, 544f., 644 
SF5CI, 4 

shading of bands, branches, 185, 253£., 
261, 497 

shape of a molecule: 

change of, in a transition, 167f. 
explanation of, 351 


shapes of molecular orbitals, 298, 301, 
315f., 318, 327, 329, 380 
SiCC radical, 591 
SiCla, 604 

sideways overlap of orbitals, 365 f., 371, 
394 

SiFa, 510, 603 
SiHa, 493, 584 
SiHg, 513 
SiH4, 393 
SiaHe, 646 

SiHBr, SiHCl, see HSiBr, HSiCl 
SiHsF, 292 

single bond, 364f., 401 
singlet bands, transitions, 184i., 241 
singlet electronic states, 13, 26, 69^., 
72f., 84f., 86f., 340 

singlet — triplet transitions, 136i., 193, 
221, 242, 268, 274, 471, 533 
single- valued (one-valued) species, 15, 
18, 51 

six-atomic molecules, 533-541, 629f. 
di-hydrides, 536-540, 633f. 
mono -hydrides, 540, 637 
tetra-hydrides, 533-535, 629f. 
tri-hydrides, 535f., 631f. 
six -fold axis, 51 
Slater determinant, 335, 402f. 

Slater orbitals, 299, 302, 305, 307, 308 
Slater-Pauling theory, 35 8f., 361 f. 
slightlv asymmetric top molecules, 
'^lOet, 193f., 207, 247-261, 268, 
496 

SnCla, 604 

502, 118, 125, 137, 261, 269, 455, 483f., 

486, 511f. 

molecular constants, 605 

503, 617 
SgO, 606 

sp hybridization, 303, 307, 309, 311, 
316, 361f., 389 
sp^ hybridization, 309, 364 
sp^ hvbridization, 307, 36H., 364, 369, 
392 

s-p hybridized orbitals, 310 
s-p mixing, 303, 388 
space degeneracy, 99, 122 
space-fixed coordinate system (axes), 
14, 131 

spacing of sub-bands, 207, 23df., 240, 253 
spatial function, 288 
species (representation), 10, 563-568 
of the dipole moment, 133 
of electronic states, lOf. 
of multipiet components, 17f., 136 
of orbitals, 296£., 303f, 
of rotational levels (rovibronic 
species), 70, 82, 90, 91f., lOOf., 
llOf., 112f., 197, 235, 243 
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fepecies (representation) — cont. 

of rotations By, -Rg), 11, 134, 

563-568 

of the spin function, 14f., 22, 569 
of translations Ty, Tg), 11, 

563-568 

of vibronic levels, 2 If., 23, 24, 37, 
39f., 137f., 174, 461 
spectro -chemical series, 410 
spectrograms : 

showing predissoeiation, 265, 458, 
464, 483, 491, 508 

showing Rydberg series, 502, 514, 
531 

showing rotational structure, 

linear molecules, 186, 188, 189, 
192, 200, 201, 205, 207, 214 
non-linear molecules, 215, 221, 
227, 229, 235, 237, 251, 258, 
259, 265, 491, 508, 538 
showing vibrational structure, 157, 
162, 164, 178, 534 

spherical top molecules, 99-104, 243f. 
spin of electron, see electron spin 
spin of nucleus, see nuclear spin 
spin conservation rule, 277, 281, 447, 
473, 478 

spin-degeneracy, 14 
spin-doubling, 73, 76, 88, 116f., 221, 
499 

spin function, 14f., 17, 22, 131, 136, 
288, 293, 312, 334, 336, 377, 569 
spin-orbitals, 312, 334, 336 
spin-orbit interaction, coupling, 14, 20, 
66, 277, 281, 312, 337, 338f., 
411, 459f., 529, 538 
causing intereombinations, 136f., 
242, 270, 498 

effect on rotational structure, 75f., 
87, 88, 89f., 116f., 219, 241 
effect on vibronic interaction, 34, 
35f., 51, 52f., 76f., 78f., 80f., 
188, 192, 512 

spin pairing (see also electron -pair- 
bond theory), 377 

spin quantum number, see S, S, or I 
spin -rotation coupling, 73f., 87f., 116f. 
spin -rotation coupling constants, 75, 
88 

spin selection rule, 131f., 136, 459, 473, 
478 

spin splitting, 13, 37, 73, 76, 88, 89f., 
116f., 125, 159, 188, 190, 192, 
221 

spin-spin coupling constant, 73f-, 90 

spin variable (o-), 312 

splitting: 

of atomic orbitals in molecules, 297, 
299f., 303f., 328, 406 


due to Coriolis interaction, 84, 98f., 
lOlf., 238 

due to electric field, 126f., 27 4f. 

due to magnetic field, 124f., 271f. 

of the potential function of de- 
generate electronic states, 27f., 
40, 41,43,47, 49 

due to rotation -electronic interac- 
tions, 72, 86f., 99, 101 

due to spin-orbit interaction, see 
spin splitting 

due to vibronic interaction, 26, 28, 
31, 41, 54, 55, 56f., 158, 159f. 
splitting constants, see spin splitting 
constants and other individual 
constants 

stability of charge -transfer complexes, 
427 f. 

stability of electronic states, 276, 296, 
351-428 

according to the molecular orbital 
method, 376-419 

according to the valence-bond 
method, 352-376 

stability of excited states, 37 5f., 
411-419 

stability of ground states, 352f., 385- 
411 

stability of the molecular ion, 412f. 
stabilization energy, 416 
'‘staggering”, in branches, 191, 203, 
238 

“staggering”, in a progression, 171, 
211 

standard point groups, 6, 11, 563-568 
Stark effect, Stark pattern, 126f., 27 4f. 
static Jahn-Teller effect, 40f,, 54, 61 
statistical weight, 71, 93f., 114, 156, 
226, 232 

steric factor, 47 7f. 
sticky collision, 474, 476 
stochastic method for determination of 
rotational constants, 251, 264 
strength of binding from overlap 
principle, 359f., 377 
strongly asymmetric tops, 261-265 
strong-field crystal field theory, 407 
sub-bands in ^-structure: 

of asymmetric top molecule, 248, 
249, 251, 252f. 

of bent— linear and linear-bent transi- 
tions, 169, 202f., 204, 205f., 209, 
210f., 214f., 221 

of symmetric top molecules, 226, 
228f., 230f., 238, 239f. 
sub-bands, in vibronic structure, 187, 
188fi, 191L 

sub-bands with LK = +2, 221, 242, 
268 
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sub-band origins, 230f., 238, 230^., 255 
sub-band spacing, 207, 236f., -240, 253 
sub -Rydberg state, 415{. 
sub -Rydberg transition, 418 
sub -sequence, 147f. 
substituted benzenes, 562 
sum rule: 
for/, 418 

for levels of asymmetric top, 114f. 
for ^i, 85 

super-Deslandres table, 144f. 
symmetric linear molecules, electronic 
states of, 284f. 

symmetric linear triatomic molecules, 
potential function of, 429, 430, 
431f., 435, 436 

symmetric product, 18, 50, 332, 570 
symmetric is) rotational levels, 70, 15, 
184, 197 

symmetric top molecules: 

energy levels, 69, 82-99, 126f., 239 
selection rules, 193, 223f., 241i., 460 
transitions, 210, 222-243 
symmetry-allowed (see also allowed 
electronic transitions), 522 
symmetry elements, operations, 2, 4f., 
130, 297 

symmetry orbitals (see also molecular 
orbitals), 2981., 300, 301f. 
symmetry of polyatomic molecules, 21. 

change in a transition, 167f. 
symmetry properties (see also species): 
of electronic eigenfunctions, 9f. 
of the rotational levels, see rovibronic 
species 

of the spin functions, 14f., 22, 569 
of vibronic eigenfunctions, see vi- 
bronic species 

symmetry species, symmetry type, see 
species 


Tq, electronic term value including 
zero -point energy, 21, 581-668 
Tq, Tq, Tg", electronic term values, 20, 
142 

Tevi vibronic term value, 20i. 

T[yi'^{J), rovibronic term 

values in Renner-Teller effect, 79 
Tx, Ty, Ts, translations along x, y, z 
axes, 11, 132, 563-568 
T point group, 50 

Ta point group, molecule, 3f., 50, 55, 
277f., 280, 290f., 297, 309i., 
332, 339, 392 
rotational levels, 99, lOOf. 
selection rules, 133, 136, 153, 243f. 
Tables of characters, direct products, 
etc., 567, 569, 573f., 577, 579 


T spectrum of C4H2‘^, 191f., 537, 633 
T (triplet) state, 415, 533 
T, asymmetric top running number, 
104L 

Ti, mean life for radiationless transi- 
tion, 4561., 472 

Tn, Tr, mean life for radiative transition, 
418, 457, 472 

O', angle of oblique axes, 432 
O', angle with 2 axis, 299 
Te (tellurium), valence of, 375 
TeBra, 608 
TeCl2, 608 

Teller— Redlich product rule, 182 
ten-atomic molecules, 549—553, 6561. 
TeOa, 606 

term manifold of the molecule, 276-351 
tetrahedral angle, 365 
tetrahedral bonds, 361i. 
tetrahedral complexes, 410 
tetrahedral field, 406 
tetrahedral hybrids, orbitals, 307, 
308f., 310^., 364, 365, 366 
tetrahedral molecules (see also 

molecules), 3f., 99, lOOf., 103f., 
133, 136, 2431., 290f., 321, 322, 
348, 355, 410 

tetrahedron, 3, 290, 307, 362 
tetra- hydrides, 526i., 533i. 
tetravalency (of carbon), 361i. 
tetrazine, see €2112^4 
tetrolaldehyde, see C4H4O 
thermal distribution, 475 
thermochemical data on dissociation 
energies, 486 
thiophene, see C4H4S 
three-body collision, recombination, 
480i. 

three -center bond, 411 
TiBr4, TiCl4, 628 
time reversal, 17 
torsional vibration, 119, 413, 535 
total angular momentum: 

J, 69, 83, 87, 122f., 184, 241, 477 

K, about symmetry axis, 25, 63, 83, 

126 

N, apart from spin, 73, 87, 125, 186, 
241, 244, 268, 271 
P, about symmetry axis, 26 
total eigenfunction, 129, 131, 277f. 
total electronic angular momentum, 
19, 26 

total gross population, 384 

total internal angular momentum, 

64 

total overlap population, 381i., 388f., 
391 

total population of an orbital, 381 
total spin, S, 13, 282, 330 
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total (vibronic) transition moment, 130 
totally symmetric, 129, 150f. 
totally sjmimetrie electronic state, 92 
totally symmetric vibrational levels, 
vibrations, 138, 151^ 176 
trace, 11 

trajectory, 442, 481 
trans- butadiene, see C^H-e 
trans-dichloroethylene, see C2H2CI2 
transformation matrices, properties, of 
molecular orbitals, 3^ 3f., 310, 328 
transition from atomic to molecular 
orbitals, 303 

transition element, 334, 350, 375, 405 f. 
transitions (see also allowed or for- 
bidden transitions): 
between a degenerate and a non- 
degenerate state, 91, 157i., 230i. 
between two degenerate states, 157i., 
238, 239f. 

between non -degenerate (electronic) 
states, i5if., 22 5f. 

due to rotational -electronic (Coriolis) 
interaction, 141i, 265f. 
due to vibronic interactions, 137- 
141, 265 

from one conformation to another, 
see correlation 

transition moment, 149, 200, 206, 213, 
245, 253, 257 

electronic, 128, 130, 132f„ 223, 238, 
417 f. 

including spin, 131 
vibronic, 130, 137f., 151, 248, 265 
transition probability: 

radiationless, 457L, 459f., 466, 479 
radiative, 130, 134, 417f., 457 
triatomic molecules, 488-513, 583^. 
di-hydrides, 488-493, 583f. 
linear, 28, 67, 70 
monohydrides, 493-498, 588f. 
non-hydrides, 498-513, 591f. 
triazine, see CsHslNTg 
trichloroethylene, see C2HCI3 
trigonal hybrid orbitals, 309, 311, 365, 
370 373 

tri-hydrides, 513f., 528f., 535f. 
trimethylene oxide, see CgHgO 
triple bonds, 366, 40 If., 537 
triplet bands, transitions, 192f., 221, 
241, 265 

triplet-singlet transitions (intercom- 
binations), 193, 221f., 242, 268i., 
470, 552 

triplet splitting, 73f., 82, 89f., 118 
triplet state, 52, 340, 558 

rotational levels in, 73, 74f., 82, 90, 
118 

triply degenerate orbitals, 305, 333 


triply degenerate state, 13, 103f., 348 
triply degenerate vibronic level, 100, 
103f. 

tri valence, 364 

trough-like potential, 46, 48, 165 
tunnel effect, 467 f, 
turning points, classical, 155 
twelve-atomic molecules, 555—562, 
665f. 

two-body recombination, 454, 47 3f., 
480f. 

two-electron bond (see also electron- 
pair bond), 377 

two-valued representations, species, 
15f., 18, 22, 26, 53 

type A, B and C bands, 248, 260, 493, 
537f. 

types of electronic transitions, 128-142 
types of forbidden transitions, 133-142 
types of predissociation, 458 
types of radiative recombinations, 479 
type (a), (6) vibronic interaction, 129, 
137, 174 

U 

u, odd (ungerade) species, state, 11, 18, 
132f., 158, 284, 297, 333 
u — u transitions, 268 
UFe, 5, 375, 544f., 645 
ultraviolet absorption spectra, see 
electronic spectra 
uncertainty relation, 457 
uncoupling of spin, 75, 124, 273 
unimolecular decomposition, 284, 433, 
47 If. 

united atom, 276-279, 312, 313, 324, 
341, 348, 416 

united molecule, 276—279, 296, 312, 
323, 324, 325, 349 
unpaired electrons and valence, 353 
unresolved bands, 260f. 
unsaturated molecules, compounds, 
327 f., 404 

unsaturation electrons, 399f. 
unstable molecules, see free radicals 
unstable states, 7, 351f. 
unsymmetrical dissociation, 446f., 451 
imsymmetrical linear triatomic mole- 
cules, 70, 437, 446 

unsymmetrical molecules, 142-150, 246 
upper bound of dissociation energy, 483 


Va, Vi, Vj^, vibrational quantum num- 
bers, 20i., 142f., 210 
selection rules for, 152f., 159, 176 
v', v" progressions, 143, 170 
Vi F", potential energy, 

8, 27, 29, 120 
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potential energy of electron, 
298f. 

V ( = H 2 ) point group, see D 2 

Va ( = point group, see 

Vn ( = B» 2 h) point group, see D^h 

V state, 415f., 533, 540 

V — N transitions, 349, 415f., 418f., 

527, 536, 544, 547, 550 
valence, theory of, 351-428 
valence-bond method, theory, 303, 305, 
351-376, 377f., 396f., 402, 411 
valence-bond orbitals, 366 
valence saturation, 356, 396f., 419 
valence state (structure, configuration), 
357, 362f., 367, 378, 400 
van der Waals forces, interaction, 41 9f,, 
428 

van der Waals minimum, 453 
van der Waals molecules, 421 
variation calculation, problem, 300, 336 
VCI 4 , 407, 628 

vector model, 18, 24f., 2 8 If., 287 
vertical transition, 172f. 
vibrational angular momentum: 

in linear molecules, 24f., 69f., 72, 75, 
126, 185fi 

in non-linear molecules, 63f., 84f., 
103 

vibrational assignments, 181 
vibrational degrees of freedom, 476 
vibrational eigenfunction, 21, 129, 

149f., 451f. 

vibrational-electronic interaction, coup- 
ling, see vibronic interaction 
vibrational energy formulae, 20 f., 142, 
150, 217 

vibrational frequencies, 20, 30, 143, 
205, 581-668 

vibrational isotope shifts, 181-183 
vibrational levels, 20f., 23, 24, 25, 39, 
55, 56, 144, 171, 209, 210 
vibrational numbering, determination 
from isotope shift, 182 
vibrational overlap integral, 149f., 155 
vibrational perturbations (see also 
Fermi resonance), 72, 118 
vibrational quantum numbers, 20f., 
142f. 

vibrational selection rules, 131, 15 Of., 
159, 176, 461 

vibrational species, 21f., 23f., 37, 151, 
153f., 461 

vibrational structure of electronic 
states, 20-68 

vibrational structure of electronic 
transitions, 142-183, 219 
vibrational structure of forbidden 
electronic transitions, 173-181 
vibrational term values, 2 Of., 142f. 


vibrational transitions, see vibrational 
structure 

vibrationally induced spin-orbit coup- 
ling, 512 

vibration-rotation interaction, 69, 82, 
105 

vibronic angular momentum: 
in linear molecules, 24f. 
in non-linear molecules, 63f., 87, 103 
vibronic eigenfunction, 2 If., 29, 62f., 
138, 165, 174 

vibronic interaction, coupling: 

cause of forbidden transitions, 135, 
137-141, 150, 173-181, 222, 

241f., 265 

cause of splitting into two electronic 
states, 27f., 30f., 33f., 213f., 
490f. 

between different electronic states, 
65-68, 167 

effect on predissociation, 461f. 
in linear molecules, 23-37, 158, 159, 
186f., 192, 211, 212 
in non-linear molecules, 37-65, 161f., 
166f., 231, 236f., 532, 551, 558 
vibronic interaction of type (a), ( 6 ), 
129, 137, 174 

vibronic (energy) levels (term values): 
in linear molecules, 12, 20f., 25, 28f., 
31, 32, 33f., 35f., 38, 71, 75, 160, 
218 

in non-linear molecules, 39, 54, 55, 
56f.,58f., 60f., 87, 91, 165 
vibronic mixing (see also vibronic 
interaction), 65-68, 140 
vibronic origin, 177 

vibronic perturbation, see vibronic 
interaction 

vibronic -rotational interaction, see 
ro vibronic interaction 
vibronic selection rules, 137 f., 17 4f., 
241f., 555 

vibronic species, 21f., 23, 24, 37, 39f., 
137f., 174, 461 

vibronic splittings (see also Renner— 
Teller and Jahn— Teller split- 
tings), 28f., 31, 54, 55f., 60, 
158f., 179 

vibronic sub-bands, 187f. 
vibronic transitions, 177, 180, 186, 
248, 270 

vibronically induced predissociation, 
462f. 

vinyl chloride, see C 2 H 3 CI 

W 

W, perturbation function, 353, 443 
Wyf, energy parameter of asymmetric 
top, 10 4f. 
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Walsh diagrams, 316f., 319, 321, 344, 
387, 390, 501, 509 
wave equation, S, 298 
wave function (see also eigenfunctions, 
orbitals), 8, 13, 296, 300, 427 
weak-field crystal field theory, 407 
weakening of emission lines by pre- 
dissociation, 456f. 

WFe, 375, 544f., 645 
whole -molecule orbitals, 396, 400 
Wigner-Witmer correlation rules, 
281f., 285, 287, 486 


anharmonicity constants, 20 f., 
142f., 145f., 181f., 582 
xfi-, isotopic anharmonicity constants, 
181f. 

X, empirical designation of ground 
state, 146, 488 

Xg molecule, 45, 94, 97, 286, 288t, 298 
Jahn-Teller effect in, 45f., 49, 51, 
54f., 57, 62f., 97 

X4 molecule, 41, 42, 43, 44f., 51, 290f. 
Xq molecule, 290f. 

Xe compounds, 370 
XeFa, 411, 608 
XeF^, 370, 411, 628 
XeF40, 4, 411 

XH2 molecules, 301, 312, 313f., 316, 
317, 319, 325, 341f., 387 
XH3 molecules, 318f., 320, 321, 326, 
346t, 390, 397 
XH4 molecules, 321, 322 
X2H4 molecules, 324, 325, 327 
X2H6 molecules, 326f. 

XY2 molecules, bent: 

correlation of electronic states, 28 7i., 
292f. 

orbitals, 316f., 319, 344f. 
potential function and dissociation 
continua, 437f., 447, 449 
unresolved bands of, 261 
XY2 molecules, linear; 

correlation of electronic states, 285f. 
orbitals, 310, 314, 315f., 344f., 393, 
407, 408 

potential function and dissociation 
continua, 4294., 434, 445, 446f., 
449, 450, 482 

Kenner-Teller effect in, 28, 37, 180 
transitions in, 179, 182, 222 
XYg molecules, 37, 47, 97f., 130, 136, 
154, 167, 179 

correlation of electronic states, 2894., 
292 

correlation between planar and non- 
planar form, 23 
orbitals, 304, 310, 321 


predissociation, 462 
statistical weights and intensity 
alternation, 944., 2264., 2324. 
XY4 molecules: 

non-tetrahedral, 51, 94, 235, 310 
tetrahedral, 102, 2904., 310, 409f. 
XYg molecules, 310 
XYg molecules, 310, 322, 323, 410 
XY12 molecules, 310 
XY„ molecules, 334 
X2Y2 molecules, 28, 208, 295 
X2Y4 molecules, 153, 292, 295, 3244. 
X2Ye molecules, 94, 295 
XYZ molecules, 28, 208, 446 

correlation with separated atoms, 

2864., 289, 292 

potential function, 356, 3574., 4324., 
437 

XYZsmoleeules, 22, 23, 139, 2884., 2914. 
XYZg molecules, 47, 94, 97, 2904. 
XYZW molecules, 290 

Y, spin-orbit coupling constant, 75 
yield of photodecomposition, 4564. 
yield of recombination, 454, 4744., 4774., 
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